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CYTOPLASMIC INCLUSIONS OF THE PROTOZOAN, 
TETRAHYMENA GELEII 


IBEN BrROWNING* 


Extensive work has been done on the cytoplasmic inclusions 
of cells. The more recent work is summarized in a review by 
Bradfield (1950). He points out that chemical analyses, made 
in a variety of ways, have linked various kinds of inclusions 
with cellular functions. In recent years, there has been an 
increasing resolution of kinds of inclusions, and of the kinds of 
functions of the associated enzymes. 

Chantrenne (1947) arbitrarily separated five centrifugal 
fractions of mouse liver homogenate. He found that different 
sized particles with correspondingly different optical qualities 
could be detected by ultramicroscopic observation of each of 
his fractions. In addition, he found that the enzymatic and 
ribonucleic acid concentrations differed in the fractions. He 
suggested that mitochondria and microsomes might not be the 
only two types of inclusions, but there might be a number of 
others which differ with respect to accompanying enzymes. 
He thought that each must have a wide variation of sizes. 

The present set of observations has been made possible as a 
result of obtaining exceptionally good material for the observa- 
tion of living protoplasm. A wide range of particle sizes has 
been seen, as might have been expected from Chantrenne’s 
findings. A morphological study of the cytoplasmic inclusions 
has been made, and no chemical or other studies have been 
attempted up to this time. 


Method of Preparing Biological Material 


The organism used in this investigation was Tetrahymena 
geleii (Thomas-Phelps strain). The protozoan was cultured in 
a liquid medium containing 1% Proteose-Peptone as nutrient, 
in addition to the salt solution described by Phelps (1936). A 
2% agar medium containing the same nutrient and salts was 
used for a solid growth medium. Tetrahymena has been found 





*From The University of Texas, M. D. Anderson Hospital for Cancer 
Research, Houston, Texas. Received for publication November 4, 1950. 


























4 Browning 


capable of growing on solid medium,* if serially transferred 
with a bacteriologist’s loop. In an original transplantation of 
the protozoa to agar, a liquid culture is pipetted onto the solid 
surface. As the liquid is absorbed, it breaks into drops. The 
surface of these drops imprisons the Tetrahymena and forces 
the free-swimming organism into a gradually diminishing 
liquid volume. As the last of the free liquid is absorbed, the 
organisms are compressed into a surface colony. 

After the formation of a colony, the organisms lose their 
ellipsoid-of-revolution shape (see Furgason 1941) and assume a 
flattened epithelial-like appearance. The cells may become very 
thin and are therefore exceptionally favorable for microscopic 
observation. 

Slides may be prepared so that organisms may conveniently 
be observed under a phase microscope. A thin layer of filtered, 
sterile agar is placed on a slide, and alternative methods may 
be used to complete the preparation. 

Organisms may simply be pipetted onto the slide and per- 
mitted to form colonies. A colony which is covered directly 
with immersion oil may be viewed without further preparation 
for a period of days. 

The alternative procedure is to rout out grooves in the agar; 
pipette a culture of Tetrahymena onto the agar; cover the 
preparation with a cover-slip; blot away excess liquid; and 
perm:t this preparation to stand for 24 hours. 

A few organisms survive the latter treatment and grow 
between the agar and cover-slip adjacent to the air-filled 
grooves. They are usually wedge-shaped. The thick portion 
(approximately 10 microns) is located adjacent to the routed- 
out groove (the region of gas exchange), and the organism thins 
as it extends away from the groove between agar and the 
cover-slip. Organisms prepared in this manner may live for 
several days. 





*Dr. Austin Phelps has assured me that Tetrahymena has been cultured 
on solid medium for years as a standard technique; however, so far as he 
knows and as far as I can determine, this fact has not been recorded in the 
literature. He indicated that cultures are shipped from one laboratory to 
another, ordinarily on solid medium. In view of the morphological changes 
described in this paper, and the growth rate changes described in another 
paper, such shipment would appear to be of doubtful value in obtaining a 
“standard stock.” 
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In both types of preparations, cells extend in a very thin 
layer. The cortex either is enormously extended, or is lost; 
therefore, it does not optically interfere with microscopic 
observation of the cytoplasm. 


Observations 


A series of kinds of inclusions was observed. When possible, 
measurements were made on these inclusions by means of a 
calibrated filar micrometer eyepiece. Best results were obtained 
by use of an oil-immersion, bright-contrast phase objective. 
The individual inclusions are listed below. 

1. Eleven freely circulating vacuoles were seen in the cyto- 
plasm of one agar-cultured organism, although the average 
number was less. In this particular cell, three fixed contractile 
vacuoles were seen to be actively eliminating liquid. The large, 
free vacuoles were seen to coalesce with fixed vacuoles, and new 
vacuoles were formed and freely circulated in the cytoplasm. 
This vacuolar behavior is entirely different from that of the 
normal free-living cell which has only one fixed contractile 
vacuole and none which freely circulate. 

2. Highly refractive spheres, thought to be oil droplets, were 
seen to be scattered in the cytoplasm. The diameters ranged 
from 1.25 to 2.0 microns. The spheres tended to cluster in the 
region of the nucleus of each cell. 

3. A few irregular, less refractive, cytoplasmic inclusions 
were seen. These were about 4 microns in maximum diameter. 

4. Spherical inclusions, approximately 4 microns in diam- 
eter, were occasionally obse¥ved. Each had a smaller and more 
highly refractile sphere approximately 1.5 microns in diameter 
within. These large spheres, like the irregular cytoplasmic in- 
clusions described in No. 2, and like all subsequently described 
inclusions, appeared less refractive than the oil droplets. 

5. Spheres having a diameter of 1.5 microns were seen. 

6. Curved rods measuring 1 < 5 microns were seen in fairly 
large numbers, and underwent considerable Brownian motion. 

7. Smaller straight rods having the dimensions 0.25 x 2 
microns were seen to undergo violent Brownian motion. 

8. The smallest particles which could be seen appeared and 
disappeared as scintillating bright dots. These dots appeared 
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to have a diameter of approximately 0.25 microns. Particles 
of this dimension or smaller cannot be resolved by this mi- 
croscope. All information regarding shape of the particles is 
inferred from their scintillating appearance. If the background 
medium is assumed to be a homogeneous liquid, the particles 
must be asymmetrical in shape and too small to be seen in some 
dimensions. 

9. That portion of the, cytoplasm which had no particles 
visible as such was slightly luminescent compared with the 
liquid within the contractile vacuoles. The grayish appearance 
corresponded to Chantrenne’s description of category E which 
consisted of the smallest particles that he found, and was dem- 
onstrated by him to have the highest proportion of ribonucleic 
acid. 

All of the inclusions, except fixed vacuoles, were seen to move 
freely where cytoplasmic streaming occurred, whether growth 
or some other cell function was involved. During growth of a 
cytoplasmic extension, all of the visible inclusions were seen 
to stream into the extending portion, and it was concluded that 
reproduction of these inclusions occurred elsewhere in the cell. 


Discussion 


Methods are given for the preparation of Tetrahymena geleii 
for phase microscope observation of the living protoplasm. Nine 
kinds of protoplasmic inclusions are described, and their wide 
range of sizes and shapes agrees in vivo with Chantrenne’s in 
vitro findings. Tetrahymena geleii might prove an excellent 
source of mitochondrial and microsomal material for enzyme 
and nucleic acid studies. The size of the cells, and their easy 
accessibility when simply covered with immersion oil, makes 
them eminently suitable for microdissection work. It was 
possible, in some extremely thin portions of the cytoplasm, to 
watch single inclusions for many minutes. Although none was 
ever seen to divide, it would seem possible to learn more of their 
reproduction by extended observation. In view of the excellent 
contrast offered within this system, and the total amount of 
illumination possible, it is suggested that a motion picture study 
might make available a great deal of information concerning 
cell dynamics and the reproduction of inclusions. 
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The advisability of shipping stocks of Tetrahymena on agar 
may be seriously questioned on the basis of the present findings 
of morphological change, and, also, the change in reproduction 
rate (Browning, et al. 1950). 
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UROGRAPHY: A NEW TECHNIQUE IN THE STUDY OF 
INDIVIDUAL METABOLIC SPECTRA 


ErnEst BEERSTECHER, Jr., AND H. Epon SuTTon* 


It has long been apparent that any attempt to understand an 
individual by the study of his various biochemical character- 
istics is handicapped both by the difficulties in comparing a large 
set of data with the ranges of “normal” values, and by the 
complexities involved in comparing one biochemical variation 
in terms of another that may exist. Similar problems which 
occur in biophysical studies on animals have been resolved by 
the development of graphic methods of examination; electro- 
cardiograms and encephalograms are now commonplace tools 
which are familiar to most clinicians and permit analysis of a 
complex set of data at a glance. Nothing approaching such a 
system has ever been developed for the study of data from the 
clinical laboratory. 

This problem is particularly acute in work where it is con- 
tinuously necessary to make comparisons of a large number of 
factors in many individuals. Since the study of individual 
metabolic differences in our laboratories suffered from this 
difficulty to a considerable degree, a method has been devised to 
combat the handicap, and it is felt that the resulting devices 
merit examination for their possible use in the broader field 
of clinical medicine. These devices, developed for the study of 
the composition of urine and blood, are termed urograms and 
hemograms respectively. The principles involved are common 
to both, so that the material presented here is limited for 
convenience to human urograms and the technique of their 
preparation and interpretation, urography. 

In its essence, urography consists in the resolution of the 
various urinary components by partition chromatography on 
paper, development of the chromatogram with a suitable re- 
agent, and plotting as a continuous function the optical density 





*From the Biochemical Institute of The University of Texas and the 
Clayton Foundation for Research, Austin. Received for publication May 10, 
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Urography 9 


of the chromatogram along its length against the corresponding 
R; value. Major variations in technique therefore involve the 
resolving solvents and the color-developing agents. The tech- 
nique published here is a general one, and suitable modifications 
in solvent and reagent may readily be obtained from the current 
literature on paper chromatography for the study of urinary 
components other than those mentioned here (1). 


Methods 


While any of the solvents used in paper chromatography 
may be employed, the results obtained in this instance were 
from the use of an 80:20:20 mixture of n-butanol-water-acetic 
acid. The S. and S. filter paper No. 597, which is employed, 
has vertical lines of thicker and thinner paper and is cut so 
that the chromatograms run with this ribbing. Twenty-five 
microliters of urine are placed on the paper, midway between 
two ribs and ten inches from the top, with the aid of a micro- 
pipette. The chromatograms are resolved by the ascending 
method as described by Williams and Kirby (2). When the 
solvent reaches the top of the sheet, the paper is removed from 
the solvent, dried in air, and sprayed with the appropriate 
developing agent. A 1% solution of 2,6-dichloroquinonechlo- 
roimide (obtained from Eastman Kodak Co.) in 95% ethyl 
alcohol was employed for the results discussed here. Modifica- 
tions employing ferric chloride and other convenient general 
reagents are to be discussed in subsequent reports. Still other 
reagents may be used when specific urinary components are 
under study (ninhydrin for amino acids, alkaline silver nitrate 
for reducing substances, universal indicator solution for organic 
acids, etc.). The individual developed chromatogram is cut into 
a strip along the ribs of the paper and read in a photoelectric 
densitometer as described by Bull et al. for amino acids (3). 
Percent absorption is then plotted against R; values to give 
urograms such as those shown in Figure I. Urinary components 
may be identified by adding known urinary components one at 
a time to a urine sample, treating the sample in the usual 
manner, and observinig which component (peak) is increased in 
the urogram. Alternatively, a “synthetic urine” may be made 
from urinary components in the approximate amounts normally 
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present in urine, and observing which component disappears 
from the urogram when a single component is omitted from 
the mixture. Densitometer readings should be made four 
hours after the color of the chromatogram is developed, when 
dichloroquinonechloroimide is used as the reagent. 


Discussion 


Among a series of samples, the relative quantities of any 
component vary with the height and width of (area within) the 
peak in the curve caused by that component. When compo- 
nents are present in large amounts and have similar R; values, 
considerable overlapping may occur, as for components C, D, 
and E in Figure I. Quantitation of the results in such cases 
requires extrapolation of the curves to the zero percent absorp- 
tion line (3). For normal clinical work, however, quantitation 
is unnecessary, and with a little experience it becomes possible 
to examine a urogram and select at a glance an abnormality. 
If closer inspection is desired, a permanent record is available 
which may subsequently be analyzed with greater care. 

A consideration of Figure I shows certain normal variations 
between the samples from the three individuals studied. Com- 
ponent A, largely representing basic amino acids, is approxi- 
mately the same for the three samples, but inorganic phosphate 
(component B) is higher in subjects 1 and 3. Uric acid (com- 
ponent C) is least in subject 3, as is component D, which 
represents a group of the more important weak organic acids. 
If the uric acid-creatinine ratio is considered as a measure of 
adrenal cortical function (4), then adrenal function may be 
slightly abnormal in this subject, since the ratio is considerably 
smaller than in other “normals.” Minor deviations in the 
curve are due to lack of optical uniformity in the paper. A 
discussion of the application of urography to diagnoses in certain 
pathological states is to be published at a later date. 





Fic. 1. Urograms of three healthy individuals. Legend: A=Basic amino 
acids; B=inorganic phosphates; C=Uric acid; D=weak organic acids; E= 
creatinine. 
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LIFE WITHIN THE BRAIN* 
Sam L. CLarK 


In the beginning by whatever account of creation we read 
there was no life. When it did appear on the earth, whether 
on the third day or in a later millennium, the simplest forms 
were perhaps unspecialized masses of protoplasm much like 
the present day amebae, and slime molds. Contemporary 
amebae reproducing as they do by growing larger, then divid- 
ing, must be directly traceable through a continuous line of 
living protoplasm to some early similar ancestor, unless you 
are willing to believe with Hamlet “the sun breeds maggots in 
a dead dog,” an idea disposed of by the work of Pasteur and 
others less than a hundred years ago. 

While the ameba may have persisted relatively undamaged 
from its early parental form most living things have become 
modified through the years. Adaptability of living substance 
to alterations in environment has been displayed in the progres- 
sive specialization of plants and animals, which are found living 
not only in the choicest places where every need of living matter 
is met but in what might appear to be the most unfavorable 
environments. Many alpine flowers break through the last 
crusts of snow to grow and bloom in the short summer. The 
desert edge flowers briefly after a rainy season, and we have 
seen signs of age creeping up on the baby volcano Parecutin in 
the growth of ferns in crevasses of its recently molten lava. 

The greater the adaptability of a living thing to changes in 
environment, the greater the chance of survival, not only of the 
individual, but of the species. As we look at the many forms 
of plant and animal life in even a small area it is evident that 
successful adjustment to environment can be made in many 
ways. On the other hand not every adaptation is successful 
and there are myriads of forms of life that have perished from 
the earth as environmental changes with which they could not 
cope occurred. 





*Special lecture delivered at The University of Texas Medical Branch, 
Galveston, June 5, 1950. From the Department of Anatomy, Vanderbilt 
Medical School, Nashville, Tennessee. 
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Any qualities which would allow a living thing to seek the 
best in its environment, and avoid the worst would mark it or 
its race for successful living. But consider what this means. 
It implies the ability to detect differences in environment, to 
select among several choices, and to move to the more desirable 
and from the less desirable or harmful. Such functions are pre- 
eminently those of a nervous system, which animals, and only 
some of those, possess. So, not unmindful of the fact that the 
oldest living things on the earth are plants, I as an animal would 
point to the nervous system with pride; and as a man, with 
confidence and hope in its capacity to react to changes in en- 
vironment. (At this point perhaps one should not be too 
enthusiastic over man’s ability to produce the changes himself, 
with the A-bomb for example.) 

The nervous system as we have it is appropriately carried 
in a kind of rigid packing case, the skull and vertebral column, 
with a cushioning of fluid and a wrapping of soft tissues. But 
it was not always so protected, and in only the higher verte- 
brates does its development approach the elaborateness of man’s. 
This advanced development is at once a benefit and a problem. 
The very complexity, while furnishing the means for studying 
the nervous system, is a barrier to complete understanding. 
Simpler forms of life than vertebrates present an easier 
approach. 

One of the characteristics of living substance, protoplasm, is 
its irritability. Even without a nervous system living forms 
respond to stimulus. This is beautifully shown in the one 
celled animal, vorticella, which is shaped like a microscopic 
bell attached to a short rope. The rope-like stalk which anchors 
the bell-shaped body contains a contractile fiber. As the teth- 
ered body swings about sweeping food particles into its gullet 
with its rapidly moving hair-like cilia; if something bumps into 
it, as, for example, a speeding paramecium, another one celled 
but free swimming animal, the stalk quickly contracts into a 
tight spiral pulling the contracting body of the vorticella sud- 
denly away from the site of the collision. Slowly the spiral 
relaxes and the body of the cell expands and feeds again. 

To one watching under the microscope this remarkable proc- 
ess the movement seems purposive as it pulls the soft body of 
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the vorticella away from apparent danger. Further observation 
shows, however, that this is all the simple animal can do. Its 
action is hopelessly stereotyped as it withdraws from every 
sudden stimulus. But the action is interesting since here is 
demonstrated the first appearance of a contractile fiber, the 
forerunner of muscle; and it appears before there is either a 
specialized receptor or conductor of impulses. The whole cell 
receives and conducts the stimulus, is therefore “irritable,” 
but the contractile fiber exhibits the most conspicuous ability 
to respond. 

In multicellular animals this type of specialization is con- 
tinued. In sponges, specialized cells for contraction are set 
aside to close the pore-like openings and respond to local stimuli 
but there are no nerve cells to carry the impulse further. 


In slightly more complicated animals as the sea anemone not 
only do muscle cells develop, but specialized cells in the outer 
covering are devoted to receiving stimuli, and other specialized 
cells touching these make contact with muscle cells. Thus 
appears the earliest form of the nervous system: one or more 
conducting cells placed between a receiving cell and the effector. 
Multiply these nerve cells away from the surface and the cen- 
tral nervous system is built up. The ganglia of the earthworm 
and the cord of vertebrates are not brain however. The brain 
develops at the head end of the central nervous system along 
with elaboration of organs of special sense. 

With this kind of combination many possibilities open up. 
Simply multiply the nerve cells placed between the receptor 
(sensory end organ) and the effector (muscle or gland cells) 
and certain advantages to the animal immediately follow. 
First, a stimulus, need no longer produce only Jocal responses, 
as it can be conducted to remote parts of the animal. As a 
corollary it follows that the response to stimulus may not be 
the same to successive similar local stimuli. A second advan- 
tage to the animal of the intervention of a nervous system 
between receptor and effector appears when two or more parts 
of the animal are receiving stimuli that make different demands 
and a choice of an appropriate response must be made. 

Toynbee, the historian, was impressed with the failure of the 
Dinosaur to survive, while a rat-sized ancestor of mammals of 
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the same era lived on to be the ancestor of man. But the little 
mammalian precursor had with his nervous system greater 
capacity for choice of response to stimulus. 

At this point, if I were not bound by an apprenticeship to 
the study of form, being an anatomist, I would enter into a 
discussion of such alluring functional problems as integration, 
and co-ordination, facilitation and inhibition and even free-will. 
And surely the question of adaptation to environment, that is, 
the long time response to alterations in environment; and prob- 
lems of natural selection and the survival of the fittest would 
demand discussion. For such problems appear in the light of 
the capacity of an animal to give more than one type of response 
to similar successive stimuli; instead of giving always the same 
response to any stimulus. But first there is more anatomy to 
consider. 

There exists in the detailed structure of the nervous system 
a basis for understanding some of these problems, and it is 
fortunate for the student that principles of structure and func- 
tion in the more elaborate nervous system of man are available 
for study in simpler fashion in lower forms of animal life. 


The unit of structure of the nervous system is of course the 
nerve cell, which like other cells possesses a nucleus surrounded 
by the cell body. But the nerve cell has in addition its proc- 
esses which branch about either in the neighborhood of the 
cell body or at more or less remote distances away. The proc- 
esses of a single nerve cell in a tall man may extend for as 
much as three to six feet. These processes of nerve cells, form 
the nerves and similar long pathways in the brain and spinal 
cord where they are referred to as white matter. The nerve 
cell bodies, containing the nucleus, are necessary for the life and 
activity of the nerve fibers and these together with some fibers 
consititute “what so proudly we hail” as gray matter. 

The only function so far as is known for nerve cells and 
fibers is to conduct impulses. Nerve impulses travel over fibers 
at a rate of from 1 to 100 meters per second which is not very 
fast in comparison to the transmission rate of electricity or light 
or even sound. The nerve impulse, which involves physico- 
chemical changes not completely understood, can be followed 
as it is accompanied in its passage along a nerve path by an 
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electric potential which can be detected, amplified and recorded 
photographically from the screen of a cathode ray tube. With 
appropriate apparatus nerve impulses can be started at a point, 
and traced along paths to other points. The problem of the 
anatomist and physiologist then would seem to be only to trace 
out a wiring diagram, as it were, to unravel the secrets of the 
nervous system. As complicated as this is it is probably simple 
in comparison to arriving at a final analysis of the function of 
the nervous system. The physiologist and anatomist can not 
rely on dissection alone, whether it be with an orange wood 
stick or the inertialess beam of the cathode ray but have found 
it necessary in their testing of function to rely on some definite 
response to a stimulus, such as the contraction of a muscle or 
the secretion of a gland. Such a response may be part of the 
picture, but it does not supply all that is needed to understand 
the complex reactions implied in such terms as memory, 
thought, emotion, consciousness, which are usually left to the 
psychologist and psychiatrist to be dealt with more or less 
abstractly. 

But it is intriguing to see how close to an explanation of some 
of these more abstract functions of the nervous system one can 
come with known connections of nerve cells and the laws 
governing the transmission of nerve impulses. Some limitations 
to be set on one attempting explanation of such phenomena are 
expressed in part in these principles: (1) Once it has started 
a nerve impulse passes completely over the parts of a neuron 
and is not stored up in some cytological structure for future use. 
(2) Immediately after passage of the impulse another one can 
not be set up in that neuron for about 1/1000 of a second. (3) 
Nerve impulses commonly cross a synapse, the place of contact 
between neurons, in only one direction and there is a slight 
delay in transmission. (4) The basic pattern of the nervous 
system is found in the reflex arc. This involves usually three 
neurons: first, a sensory neuron or receptor, i.e., a receiving 
station in the periphery; second, an intermediate neuron which 
receives the impulse from the primary sensory neuron and 
passes it on to the third a motor neuron, the axon of which ex- 
tends to the periphery to reach a muscle or gland where action 
can follow the stimulus. The “knee jerk,” a slight kick of the 
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foot following a tap on the patellar tendon just below the knee 
is a good example of such a reflex. The neuronal connections 
necessary for the jerk occur in a single zone of the spinal cord. 


But many reflexes do not confine their connections like this 
one to the same side of the body or to the same segment and in 
the spread to other areas the significance of the intermediate 
neuron is shown. It possesses connections not only with motor 
cells of the same segment of spinal cord, but with neurons going 
to other levels, thus making possible connections with every 
motor outflow from the nervous system. These connections 
are not made directly to other motor neurons however, but by 
way of other intermediate neurons whose connections include 
the suprasegmental structures. These large accumulations of 
neurons which constitute the brain have the function of receiv- 
ing impulses from almost every part of the body, and selecting, 
then integrating, the response to be given. Such responses can 
not occur quite as quickly as the simple reflex response, but 
the delay involved is ordinarily not long. Reflex protective 
movements may take place without involving the higher centers 
since lower levels and the simpler nervous systems are organ- 
ized on the idea that delays are dangerous. But delay is neces- 
sarily brought in if a message must be sent to the brain and 
back before a response to stimulus at a given spinal segment 
can occur. With rates of travel of nerve impulses from one to 
100 meters per second the delay is appreciable in the case of 
pain since pain impulses travel over slower fibers than touch 
impulses. Consider the case of dropping something on your 
toe—or having your dancing partner step on it (or putting your 
foot into hot water) the first impulses of contact would reach 
the spinal cord in a little over 1/100 of a second but the slowest 
impulses would not arrive until one to 11% seconds elapsed. The 
very first feeling of pain carried by the fastest pain conducting 
fibers would not arrive in consciousness until half a second after 
the stimulus, and other pain impulses considerably later. By 
this time reflex activity in response to the stimulus could have 
taken place and the foot could have been withdrawn. Consid- 
ered action in response to a stimulus might not occur until the 
damage had been done. 
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The reflex arc offers a basis of understanding much of the 
action of the nervous system. It is also possible to arrive at a 
simplified diagram to show, in part at least, how the higher cen- 
ters work, those large masses of neurons which tap the reflex 
arc and take off the stimulus then send other impulses to in- 
fluence its activity. In the cortex of the cerebrum and cerebul- 
lum, two of the great suprasegmental structures, Ramon y Cajal, 
the eminent Spanish neurologist, who did more to describe the 
internal structure of the brain than any one else, pointed out 
that while the nerve cells there have long fibers with which to 
send impulses out of the cortex, these long fibers have collateral 
branches which connect with neighboring cells of the cortex 
and some of the neighboring cells make connection with the 
original cell. 

Two or three important points arise from these microscopic 
details. (1) A stimulus arriving from outside at one point in 
the cortex may cause one neuron to fire off, which sets off other 
neighboring ones, and so on, in what Cajal called avalanche 
conduction, and great areas of the brain including thousands of 
neurons become involved. 

(2) A nerve cell in the cortex sending an impulse out along 
its axon, excites neighboring cells which are connected in syn- 
aptic chains so that eventually after passing through one or 
more neurons the impulse can return again to the cell which 
started it. If that cell has recovered from passage of the pre- 
vious impulse, and this requires only about 1/1000 of a second, 
it may set off another impulse and so continue to fire off each 
time the impulse returns to it. The other cortical cells to which 
the impulse was sent may be similarly involved. Such an ar- 
rangement is referred to as a reverberating circuit or self-re- 
exciting circuit, and can be demonstrated physiologically. (3) 
The neurons involved in self-reexciting circuits are not neces- 
sarily involved in a single circuit; the connections are so profuse 
that one cell may be involved in many. 

With the reverberating circuit as a kind of functional unit an 
acceptable theory of memory can be proposed. While impulses 
can not be stored in single nerve cells they can obviously be 
stored in reverberating circuits. All that is necessary to “store” 
an impulse (that is perhaps, to remember an experience) 
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is a circuit which allows the nerve cells involved to recover 
for a thousandth of a second before receiving the impulse again, 
but this means passage through only a couple of synapses at 
most. An impulse then could circulate for the life of the indi- 
vidual from neuron to neuron, and all our memories, that is, our 
previously experienced stimuli, might be stored in such circuits 
within the brain. If it be objected that our brains would soon 
become crowded and overstuffed, considering all the stimuli 
they have received since birth, we should examine the mathe- 
matical possibilities of such an explanation. It was estimated 
by Herrick that there are more possible combinations of connec- 
tions between the millions of cells in the human cerebral cortex 
than there are atoms in the solar system. Throw away half or 
even 9/10 of these and the number might still encompass the 
experiences of a lifetime. 

See how enticing such a theory of reverberating circuits is 
in an over simplied explanation of brain function. Forgetting 
temporarily would imply too high a threshold at the synapses in 
the neuronal paths connecting the circuit under consideration 
io conscious areas. Forgetting permanently would result from 
raising the appropriate thresholds in the main line of a circuit 
so that the impulses would cease to circulate. Recalling a re- 
mote experience would be interpreted as a lowering of thresh- 
olds (facilitation) leading a particular set of impulses into con- 
scious realms of the brain, and so on. See how easy with such 
a theory it would be to explain the occurrence of dreams when 
the conscious realm of the brain has let the bars down (i.e., 
lowered the thresholds) to myriads of past experiences, many of 
which have been suppressed (i.e., put in reverberating circuits 
with high thresholds toward conscious areas). 

This over-simplified theory is subject to so many serious 
criticisms that it is hardly more than an analogy when applied 
to processes of thought and memory; but there are motor ex- 
periences common to many of us which suggest that it may be 
basically true. At times individuals who have done too much 
and lost too much sleep for a long period develop peculiar re- 
curring twitches of a small muscle. Such twitches, or tics, are 
common in facial muscles, especially around an eye and were 
formerly called by the euphonious name of Sequin’s signal 
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symptom. Kubie proposed an explanation of these as due to 
an impulse which circulates silently for most of its course in a 
reverberating circuit but periodically arrives at the motor area 
responsible for the contraction of the small muscle being 
twitched. Perhaps the phenomenon of epilepsy is based upon 
such a mechanism, with periodic lowering of strategic thresh- 
olds that set larger quantities of muscle, in fact all that there is 
in the body, to twitching. It is easy to believe this when one 
watches the “march” of a spontaneous Jacksonian seizure, or 
one induced by focal stimulation of a point in the motor area 
of the brain of either the experimental animal or man. The 
twitching muscles are involved gradually in a sequence which 
follows the pattern of representation in the cerebral cortex, re- 
minding one of the principle of avalanche conduction, as well as 
of reverberating circuit. E.E.G. recordings at single points, 
show large repetitive waves during convulsions. 

The highly complex calculating devices publicized recently, 
that can do calculations in a matter of seconds it would take 
a man with paper and pencil years to do, offer a mechanical 
analogy in support of this theory of brain function. They were 
devised with electronic reverberating circuits containing delay- 
ing devices in them, and these are referred to as memory cir- 
cuits. In such a circuit a symbol or number can be stored in- 
definitely as a circulating impulse to be called out at will by 
pressing a key. Not only do such “memory circuits” resemble 
the pattern found in the brain, it was knowledge of the rever- 
berating neuronal circuits which inspired the engineers to con- 
struct such electronic ones, and good neuro-physiologists collab- 
orated. Parenthetically one might wonder if a completely 
“mechanical brain” could be constructed. McCulloch reckoned 
it could but it would be as large as the Empire State building and 
take all the electricity generated at Niagara to operate it. 

However good the analogy with a radionic device the brain 
beats the machine, no doubt for the reason that the Creator of 
the brain is superior to the creator of the machine. If for no 
other reason than its compactness the brain is marvellous. 
Imagine, for example, a device weighing about as much as a 
10 cent piece which would regulate the body temperature to 
within a few tenths of a degree no matter what the outside 
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temperature; keep the water balance to such a point that all 
the cells in the body live in a properly constant environment, 
regulate the sleep sequence and keep a dozen other functions 
so automatically controlled that the individual is hardly aware 
of them as functions of his body. But this is what the four gram 
hypothalamus does, with of course, connections to and from 
various other parts of the brain. No vacuum tubes or other 
electronic devices have been constructed of such a size as to 
compete with this device. 

It is only recently that specific functions such as these have 
been definitely assigned to such “centers” and the knowledge 
of them while yet incomplete has brought help in understand- 
ing some of the ills that flesh is heir to. Ranson and his associ- 
ates did much to bring this about by the use of an instrument 
(called stereotactic) with which they could destroy a small spot 
within the brain and observe the effect on the animal’s physi- 
ology. These investigators showed that destruction of the small 
supraoptic nucleus, for example, so disturbed the output of 
water that an enormous thirst was produced and the animal 
would drink in a day and put out again as urine a quantity of 
water greater than its own volume. This served to approach an 
understanding of a previously obscure human ailment: diabetes 
insipidus. 

Destruction of a pair of points a centimeter posteriorly and 
the animal, though otherwise healthy spent about 95% of its 
time asleep. A little clearer understanding of the comparable 
human malady called narcolepsy resulted. Comparable points 
were found which acted as thermostats, keeping the body from 
getting too hot or too cold by turning on and off the sweat 
glands, dilating or constricting blood vessels in the skin so that 
more or less blood flows where radiation of heat is easiest. 

The general idea that localized groups of nerve cells have 
specific functions in the brain has, as can be seen, some merit, 
though it has been carried to extremes. Take for example the 
effort of Gall (who also made good contributions to neuroana- 
tomy) to establish knowledge of localized function of the cere- 
brum, and to recognize these by feeling the bumps on the skull, 
thus inadvertently establishing phrenology, which still thrives 
in carnivals and gypsy camps. Modern knowledge of the func- 
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tion of the parts of the gray matter has proven Gall wrong 
in detail but there is still much discussion pro and con about 
localization of function in the cerebral cortex. 

The most impressive demonstration of localization of function 
in the brain occurred when Fritsch and Hitchig about 75 years 
ago showed that movement of specific parts of the body followed 
electrical stimulation of specific parts of what is now called 
the motor area of the cerebral cortex. 

Many physiologists have studied this phenomenon since and 
it is done almost routinely by the neuro-surgeon today as he 
operates on the human brain. Indeed much knowledge of the 
function of the brain has come from such human experiments; 
which, incidentally, do no harm to the patient who is frequently 
quite conscious and co-operative in locating the muscles in- 
volved in the movements following cortical stimulation. Within 
the motor area subdivisions of the body are represented, and 
muscles in different localized parts of the body respond regu- 
larly to stimulation of corresponding parts of the cerebral cor- 
tex. Not all parts of the body have equal representation in the 
motor zone, the face and hand having much the greater share. 
This cortical zone is not the only one involving movement but 
it is concerned with the voluntary aspect of it and nerve fibers 
from the region pass without interruption to appropriate seg- 
ments of the spinal cord and brain stem. 

In the cortex also are other local zones. A sensory one con- 
cerned with conscious touch and other sensations lies just be- 
hind the motor area. There is a region devoted to conscious 
vision at the very back of the brain in the occipital lobe, a 
region on the side in the temporal lobe in which conscious hear- 
ing is recorded. The localization in sensory areas is also fairly 
precise. In the auditory area of the dog’s cortex tones in a 
sequence of octaves are represented from high to low tones from 
before backward. (Stimulation of this area in conscious patients 
produces buzzing and roaring rather than discrete sounds.) 

These specific projection areas account for only a part of the 
cerebral cortex and no doubt have misled us into believing too 
firmly in specific functional localization. These specific areas 
surely represent the main points of arrival or departure of 
specific types of impulses, but the other portions of the cortex 
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are also involved with the same functions. Lashley has asserted 
that there is no part of the cerebral cortex which is necessary 
for the performance of any specific function. One is inclined 
to believe this when it comes to higher functions. There is an 
amazing retention of memory and intellectual ability by pa- 
tients in which large portions, even as much as one-half of the 
cerebral cortex, has been removed, and Lashley’s animal experi- 
ments show that removal, for example, of the visual area does 
not abolish the animal’s ability to run a maze dependent upon 
visual patterns. 

However, while removal of large portions on one side of the 
brain may have little effect on intellectual functions in man, 
bilateral removals, particularly in the region of the frontal poles, 
is quite different. It is in the development of these areas that 
man excells his lower cousins. A comparison of a series of 
animal brains shows how this region anterior to the motor area 
has mushroomed out of very small cortical portions resulting in 
the higher browed man and a most complicated civilization. For 
here in the frontal poles, it is said, reside the higher intellectual 
functions. Removal of both frontal poles in man (necessitated 
occasionally by invasion of the areas by tumors or other pathol- 
ogy) may result in distinct personality changes, which have not 
as yet been completely analyzed. But it is known that after such 
an operation the ability to work advanced mathematical prob- 
lems may be impaired. What may seem like an improvement 
in man’s behavior may also result in that persons who are 
despondent to a pathological degree may lose their worries by 
bilateral frontal lobe destruction, an operation now regularly 
performed in a more refined manner under the name of lo- 
botomy, or leucotomy; which in essence results in severing the 
connections between the frontal cortex and the thalamus. May 
I suggest in passing that to stop one’s worries may not always be 
a sign of discriminative ability, as Mark Twain remarked “Man 
is the only animal who can blush, or needs to.” Also significant 
is the loss sometimes exhibited after frontal lobe damage of the 
capacity for restraint. Carlyle remarked that of all acts of man 
repentance is the most divine. It would seem, however, that re- 
straint should be one step nearer divinity; repentance being 
evidence of indulgence of weaknesses entirely too human. 
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Located in the frontal lobe not far from the motor zone con- 
trolling voluntary movements of the hand is an area concerned 
with the function of speech. Related areas exist near the audi- 
tory and visual zones. Not all is known concerning the sig- 
nificance of these speech areas but some spectacular things re- 
sult from destruction of them. Incidentally the speech mecha- 
nisms appear to be unilateral, occurring in the dominant hemi- 
sphere and so on the left side in right handed people. An ex- 
ample may illustrate how the speech area is supposed to per- 
form. Dr. Meacham, in Nashville, had a patient recently who 
had been struck in the left temple with a heavy coffee cup, 
suffering a depressed fracture directly over the area devoted to 
motor speech. He suddenly lost his ability to say any words 
though he could follow directions when they were given orally 
or in writing. 

The speech mechanism is unique to man and it must have 
evolved along with his erect position. As man became upright 
his hands were freed for employment in functions other than 
locomotion. Somehow as speech developed primitive man must 
have associated oral sounds ‘with hand movements; and came 
to use both as symbols to convey information to his fellows. 
The use of the hands in speech, both written and oral is obvi- 
ously based on respectable physiology. Though no one knows 
how many thousands of years it may have taken to accomplish 
the next step must have been natural and easy, the recording 
of speech as pictures or symbols, which became writing. The 
artist who paints pictures, like the writer, is still trying to con- 
vey ideas to others as he expresses himself. The cave pictures 
in France, drawn by prehistoric man convey their message, 
and antedate written language 20,000 years or so. 

But see what was accomplished with writing. With oral 
speech man could transmit to his fellows his own ideas, and by 
means of an intermediary could overcome in a limited way the 
bonds of space and time. With writing of any sort as a reality 
man could transmit ideas to others remote in space and time at 
least as far as this world goes. Thus libraries grew, at first as 
scratches on sticks and stones and clay tablets, then as manu- 
scripts and with the invention of the printing press knowledge 
and ideas accumulated from the ends of the earth were recorded 
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for all who would to acquire. (At the present rate of printing 
man may lose himself again in his own forest of writing.) 

Regardless of the poet’s expression of doubt any poem is love- 
lier and more wonderful than a tree. The poet’s creative act in 
response to stimuli from his environment, not only. illustrates 
the capacity of the individual’s nervous system for storing, re- 
calling and associating, by means of countless neuronal rever- 
berating circuits, previous personal experiences; it also demon- 
strates the race’s high privilege of storing, recalling and associ- 
ating, by means of recorded speech its total experience. All the 
artifacts of civilization are tangible evidence of the uses of 
speech, oral and written. Is it not in the speech mechanism 
that we find partial answer to Tennyson’s query “For what are 
men better than sheep or goats, that nourish a blind life within 
the brain’’? 

As we sit in this University literally within reach of the evi- 
dence of all past- activity of man’s nervous system, surrounded 
by students in the very act of creating new combinations of 
ideas out of old amazing memories, racial and individual, what 
better way to conclude our own contemplations of the peculiar 
features of man’s brain than to say with “John the Revelator:” 
“In the beginning was the Word.” 





CONVERSION BY TISSUES OF INORGANIC ARSENICALS 
TO FORMS NOT RECOVERABLE BY THE USUAL 
ASSAY METHODS* 


RANDOLPH CLEMENTs, HersHaL G. Tree, Paut L. Ewrne 
AND G. A. EMERSON 


This study was suggested by discrepancies in analytical data 
encountered during an evaluation of health hazards of a slug- 
gish, coastal Texas stream which had been grossly polluted with 
Na arsenite and then treated with large amounts of FeSO,, Cl, 
and lime. Samples of water and sludge from various levels of 
this stream were taken at different intervals up to 3 months 
after the accidental pollution, and were assayed for As content 
by either the A.O.A.C. Gutzeit or bromate methods; their tox- 
icity on single and repeated oral or parenteral administration 
in mice and rats was compared with parallel toxicity estimations 
of K arsenite, ferric arsenate and ferric arsenate plus kaolin. 
Major differences in the amounts of As found to be retained in 
the body and those amounts calculated to be retained, through 
estimations of quantities administered and quantities excreted 
in urine and feces, indicated need for further study. 

Recovery of As from animals analyzed immediately after oral 
or intraperitoneal treatment with any of the dosage forms noted 
above was essentially quantitative. All groups of assays in- 
cluded at least one control recovery of K arsenite, in addition 
to reagent controls; in no instance was there any significant 
deviation from quantitative recovery. Loss of As by animals 
repeatedly given arsenicals could not be accounted for by loss 
of volatile arsenical compounds in respiration, since amounts 
of As in air expired by treated rats were negligible even over 
periods up to two weeks. 

Experimental 


Mice.—Swiss-W mice were maintained in single cages and 
given water and 10% sludge suspensions for varying periods. 


*From the Department of Pharmacology and Toxicology, The Uni- 
versity of Texas Medical Branch, Galveston. Supported in part by aid 
from the Gulf, Colorado and Santa Fe Railroad. Reported at the Detroit 
meeting of the Federation of American Societies for Experimental Biology, 
April 19, 1949. Received for publication July 15, 1950. 
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For a representative group of 60 mice so treated for 20 days, 
results are noted in Figure 1. The wide variation in As intake 


43,0, Tora A@SENIC Iwrane OF Alice Given Limmvust Limes Bartwreon o1 Ansture a Mice Macenine 
ow ; : Lomarcnst Carex Waren ano Swocs Saumes 























“9 Warea ano Siuoce Samoces as rnesa Sore Sovace a 
1 Fiuio FoR 20 Das. 4s Mg/kg or AsO, as rusia Sort Sovece ot ivro roa 20 Davs 
ps 1 Swoce SampLes 
B® werece Samrces ts | 
1000 
900 
os g 24 
600 71 | 
$00 i Z A 224 
¢ | 
00 7) 4 
| HA 
300 Zc 
4 4 4W > 
| wea lA : Pe ee 
200 4 i a » | £ red oo% oF JGkSTED ASG, 
iZ BH q s RETAINED 
A nee & SivoGe SAMPLES 
r A G 4 16 @ wearer Series 
a, | 
100 “A 4 Fb s 
90 4 zy HY 4 
%0 4H Z g 
: Ba 3 4 
= y g y q 
r Ry 
ce: b 
30 F > ’ Zz 
& 
2 z, A 
& 6 
os g r 
‘ R 4 
4 1 g 








Wt 


dikes . 


Ame 
123 €SCE7FREPCHON ASAHI ITY 72345 ©7890 21916 15 16:17 18 920 


Groups of Mice Groups of Mice 





@ & © ®@ e000 











Ficure 1 


is noted in the graph to the left; the higher levels are probably 
considerably in error since it was impossible to maintain a good 
suspension of the diluted sludge samples despite frequent shak- 
ing of the water bottles. Voluntary daily water intake was 
approximately 14 the body weight for all mice receiving water 
samples, but much lower for those receiving diluted sludge 
samples. There were no deaths in any of the 20 groups of 
mice receiving 20 different samples. Body weight, taken daily, 
showed no significant variations, and the condition of the fur 
was good. Repeated erythrocyte counts showed no significant 
effects of As on hematopoiesis throughout the 20-day period. 
Sections of the viscera, stained with hematoxylon and eosin and 
examined by Prof. R. H. Rigdon, showed moderate reversible 
damage to the liver parenchyma, and somewhat more severe, 
but still reversible damage to the renal tubular epithelium. 
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After 20 days, the mice were killed and the carcasses and gastro- 
intestinal tracts analyzed separately for As. Figure 1 illustrates 
absolute amounts of As recovered from the carcasses and also 
the percent recovered of that ingested. The percent retention 
of As depends to some extent on the absolute amounts ingested, 
but in all cases is low. 

Rats.—Groups of rats were given daily intragastric doses of 
K arsenite, ferric arsenate and ferric arsenate plus kaolin in 
amounts equivalent to 5, 15, and 15 mg./kg. of As,O,, respec- 
tively, for 14 days. Figure 2 shows the apparent percentage of 
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As retained of the cumulative dose in each instance, obtained 
by subtracting the amounts recovered in the urine and feces 
from the amounts given. Below is the percentage of the daily 
dose recovered in the urine; fecal excretion was highest for 
the groups receiving ferric arsenate and ferric arsenate plus 
kaolin, due in part to the larger dose given. Twenty-four hours 
after the last dose, the rats were killed and the As content of the 
tissues estimated. Figure 3 illustrates the concentrations of 
As,O, in the various organs, and Figure 4 the absolute amounts 
in each organ. The total arsenic content of the rats varied 
from 2.93-6.86% of the total dose given, for those treated with 
K arsenite; 1.52-4.22%, for ferric arsenate; and 3.99-5.39%, 
for ferric arsenate plus kaolin. These values agree with the 
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findings of Morris and Wallace (1938) of 4.25% retention of 
calcium arsenate and 2.8% of As.O,. 
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On comparing these recoveries with the apparent retention of 
As, a deficit was found, amounting at most to 73.6% of the 
amount supposedly in the rats in the case of K arsenite, 30.3% 
for ferric arsenate, and 26.7% for ferric arsenate plus kaolin. 
This apparent loss of As appeared to be far beyond the slight 
losses attendant upon technical procedures, even if these were 
cumulative. Errors in sampling were avoided by using whole 
organs for assay except for the carcass and hide. For the car- 
cass, aliquots of an homogenate of the whole carcass produced in 
a Waring blendor were used, and strips of hide were analyzed 
separately; duplicate samples always agreed closely, and errors 
in assay could not account for the difference between apparent 
and actual As retentions. 

Volatile As in Expired Air.—Five rats were kept in a bell-jar 
so arranged that a constant ventilation was maintained through 
an efficient bubbler trap containing concentrated HNO,. Intra- 
gastric doses of 10 mg./kg. of As,O,, given as Fowler’s solution, 
were administered for 14 days. The amount of As trapped for 
this entire period did not account for more than 1% of the 
deficit between apparent and actual As retention. Little or no 
volatile As is excreted by the lungs in a form absorbable by con- 
centrated HNO,. This experiment also indicates that there is 
negligible loss of As from urine or feces due to bacterial action 
or other reducing factors, within 24 hours, since the bell-jar 
was cleaned only once a day, at the time the rats were removed 
for treatment. Values obtained in the balance studies noted 
above are therefore valid, and are not influenced by any 
significant loss of As from the excreta. 

Volatile As in Tissue Homogenates.—Five rats were treated 
daily with 5 mg./kg. of As,O, for 36 days, given intraperi- 
toneally as diluted Fowler’s solution. Tissue contents of As were 
of the same order as in rats treated orally for 14 days, with a 
notably high content in the alimentary tract. Loss of As by 
volatilization was tested by aspirating air through diluted tissue 
homogenates and trapping the As with alkaline hypobromite 
after passing a cotton filter impregnated with lead acetate. Gut- 
zeit estimations of As were made on the tissue homogenates fol- 
lowing aspiration. Maximum recovery of As in the hypobromite 
solution was 54 microg. of As,O, from a liver which yielded 
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only 44 microg. by the Gutzeit method. Other tissues yielded 
only small amounts of volatile As; the alimentary tract and 
carcass, both yielding high Gutzeit values, gave only 12 and 25 
microg., respectively, by the molybdenum-blue reaction with 
alkaline hypobromite. Time of aspiration was 15 minutes for 
all the tissues. Tests with liver homogenates showed that addi- 
tional small amounts of As were trapped even after 90 minutes 
of aspiration. Heating the homogenates to 60° with or without 
the addition of 5% H,SO, had no significant effect on the yield 
of As trapped in 15 minutes. Gutzeit estimations on the homo- 
genates following aspiration were in no case lower than those 
on aliquots taken before aspiration. 


Discussion 


The possibility of formation of volatile As compounds by 
tissues when inorganic arsenicals are given repeatedly would 
invalidate estimations of total As content of tissues if these vola- 
tile compounds escape digestion in the usual methods of assay. 
Under the conditions of As intake and time of treatment in the 
present experiments, apparent loss of As may amount to 50% 
or more of that calculated as retained in the body by balance 
studies. Should vegetable tissues act similarly on inorganic 
arsenical compounds over a period of time, estimations of As 
in spray residues on fruits would not represent precisely the 
toxic hazards, since a large portion of the As present would 
not be included by the usual assays. 

Handley (1949) states that a similar situation obtains in 
estimation of Hg compounds in computing Hg content of tissues 
by balance studies and by direct assay. The nature of the 
volatile heavy-metal compounds formed, and a quantitative 
measure of their fate, could most easily be studied through the 
use of radioactive isotopes. 


, 
Summary 


Recovery of As from tissues of animals repeatedly treated 
with inorganic arsenicals is significantly less than the amount 
calculated as retained in the body through balance studies. 


Presence of volatile As compounds is indicated by studies of 
aspiration of dilute tissue homogenates, but little or no volatile 
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As is trapped in HNO, from the breath of rats given 140 mg./kg. 
of As,O, in 14 days, aspirated from a bell-jar over this entire 
period. 
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A COMPARISON OF ELEVEN ANTIBIOTICS IN THE 
TREATMENT OF BORRELIA ANSERINA INFECTION 
(SPIROCHETOSIS) IN YOUNG CHICKS* 


Cuin-Min Hsianc AND ARDZROONY PACKCHANIAN 


It has been shown by Nobrega and Bueno (1946), McNeil, 
Hinshaw and Kissling (1949) and Packchanian (1950) that 
penicillin has a curative effect on both natural and experimental 
Borrelia anserina infection (spirochetosis) in fowls. McNeil, 
Hinshaw and Kissling (1949) in treating 1-month-old poults 
found that doses of 15,000 units of streptomycin were without 
significant effect. Packchanian (1950) found that borrelidin 
in daily doses of 0.25 mg. failed to cure chicks experimentally 
infected with B. anserina; the same author found that a new 
compound, 4-Carbamidopheny! di (1’—-carboxyphenyl 2’-thio) 
arsenite, had specific curative effect in young chicks suffering 
from spirochetosis. 

The object of the present communication is to report the 
results obtained with eleven antibiotics, nine of which were 
tested for the first time as therapeutic agents for B. anserina 
infection (spirochetosis) in young chicks. This report includes 
also the effects of a few antimonial, arsenical, and sulphur 
compounds on B. anserina infection. 


Methods and Materials 


The Strain of Borrelia Anserina:—The origin of this strain 
is as described by Packchanian in 1950. This California strain 
of B. anserina has been kept by the writers in ticks, Argas per- 
sicus. One of the infected ticks was crushed in a small amount 
of salt solution and the suspension inoculated into young chicks. 
After a few passages of the spirochetes in the chicks, blood was 
removed from the birds at the height of the infection, defibri- 
nated and diluted with five volumes of Tyrode’s solution; 0.2 
ml. of this suspension was used as inoculum for each chick. 





*From the Department of Bacteriology and Laboratory of Microbiology, 
School of Medicine, The University of Texas, Galveston. This study was 
supported by contract between The University of Texas and the Office of 
Naval Research of the U. S. Navy. The writers thank Miss Barbara Fisher 
for her valuable assistance and interest in this study. Received for publica- 
tion December 15, 1950. 
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The Experimental Animals:—A total of 410 chicks from three 
to six days old (40 to 60 grams) were used in this study. Three 
hundred and seventy-nine of these chicks were experimentally 
infected with B. anserina, and their blood samples, secured from 
a vein of the foot, were examined microscopically by dark field 
illumination daily for the presence of spirochetes. When the 
blood of chicks was found to be swarming with spirochetes, 100 
to 200 per microscopic field (objective 45 X, ocular 15 X), the 
chicks were divided into groups and the therapy with an anti- 
biotic or a chemical was instituted. Adequate numbers of 
positive and normal chicks were included as controls in these 
experiments. 

Toxicity Studies:—Before therapy was begun, toxicity studies 
were conducted on each chemical and on four of the antibiotics 
to determine the maximum tolerance doses of these compounds 
to young chicks through the intramuscular route. Each test 
was made with 0.5 ml. solution containing a given concentration 
of the drug in question. The chicks were kept under close 
observation, and the toxic reaction or the time of death were 
noted. The birds which survived were discarded after 10 days. 

Antibiotics:—The following antibiotics were used in this 
study; acti-dione (Upjohn Co.); aureomycin hydrochloride 
(Lederle); bacitracin (Upjohn Co.); chloromycetin (chloram- 
phenicol) (Parke, Davis & Co.); dihydrostreptomycin sulfate 
(Wyeth, Inc.); neomycin sulfate (Upjohn Co.); penicillin G 
sodium (Merck & Co.); polymyxin B sulfate (Chas. Pfizer & 
Co.) ; Q-19 (Upjohn Co.) ; streptomycin sulfate (Heyden Chem- 
ical Co.); terramycin hydrochloride (Chas. Pfizer & Co.). 

Chemicals:—A few chemicals were likewise tested: furacin 
(Eaton Laboratories); fuadin (Winthrop Chem. Co., Inc.); 
gantrisin (Hoffman-La Roche, Inc.) ; neoarsphenamine (Merck 
& Co.); neostam (Burroughs Wellcome & Co.) ; neostibosan and 
solustibosan (Sterling-Winthrop Co. ). 

Dosage and Method of Administration:—Each antibiotic or 
chemical was dissolved or suspended in physiological salt solu- 
tion in such a manner that each 0.5 ml. of solution contained 
a single dose of the drug. Treatment was begun usually the 
second or third day of the infection when spirochetes were 
swarming in the circulating blood of the chicks, about 100 to 
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200 spirochetes per microscopic field (objective 45 X, ocular 
15 X). The injection of the drug was made into the breast 
muscle. The blood sample of each chick was examined the fol- 
lowing day. When the spirochetes had completely disappeared 
from the circulating blood no further treatment was given, but 
if the blood was found still to be positive for the spirochetes, the 
daily treatment was continued until daily microscopic examina- 
tions were found to be negative for spirochets, or until the 
chicks died of spirochetosis (see Tables 1, 2 and 3). 

In a few birds where reappearance of the spirochetes occurred 
after a certain period of negative findings, daily treatment was 
resumed until their blood became negative for spirochetes. 

Tests for Cure:—The criteria of cure in this study are based 
on daily negative microscopic findings for spirochetes in the 
blood of each chick following treatment and on survival of the 
chicks for at least two months following the infection. In addi- 
tion, a few representatives of all the cured chicks were killed, 
and portions of their blood, liver and brain inoculated into four- 
day-old normal chicks. This last experiment was performed in 
order to determine whether any spirochetes were latent in the 
tissues or in the brains or in the spinal cords of the apparently 
cured birds. In all of these studies adequate numbers of positive 
and negative control fowls were included. 


Experimental Data 


Results of representative experiments are summarized in 
Tables 1, 2, 3 and 4. 

Three hundred and seventy-nine young chicks which were 
inoculated with B. anserina all contracted the infection. A 
total of 3,890 dark field microscopic examinations were per- 
formed on blood samples from these birds at varying intervals 
and the presence of spirochetes and degree of infection deter- 
mined. Prior to 24 hours following inoculation the spirochetes 
appeared in the circulating blood only in scanty numbers. At 
the end of 24 hours about 100 to 200 spirochetes per microscopic 
field were noted. In chicks which received no effective therapy, 
the number of spirochetes increased progressively and very 
rapidly. On the fourth or fifth days of infection, the blood of 
the birds was literally swarming with Borrelia. During the 
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terminal stage of the disease their numbers in the peripheral 
blood reached an enormous height; most of the spirochetes at 
this stage of the disease appeared in large agglomerations and 
in tangled formation. Their exact number was impossible to 
determine, but in all probability over 600 spirochetes were 
present per microscopic field (objective 45 X, ocular 15 X). 

All inoculated but untreated chicks died from spirochetosis 
within eight days; the minimum duration of the disease was 
four and the average six days. Twenty-four normal control 
chicks all survived and were in good health without any sign 
of spirochetosis. 

All the chicks which were subjected to therapeutic study 
are divided for convenience into five groups as follows: 

A. Antibiotics Which Are Effective in the Treatment of 
B. Anserina Infection: When administered in adequate dosage, 
the following seven antibiotics were found effective in produc- 
ing cure in chicks suffering with spirochetosis: aureomycin, 
bacitracin, chloromycetin, dihydrostreptomycin, penicillin, 
streptomycin and terramycin (see Tables 1 and 2). 


TABLE 1 


Antibiotics which in adequate doses produced cure of Borrelia anserina 
infection (Spirochetosis) in young chicks. 








Treatment 
No. Dosage No. Injects. 

Treatment Groups Chicks mg. per 24 hour 

and Controls Used Inject. Intervals Results 
Aureomycin ....... Re Scr 5 1 1 to2 Cured 
Ce 6 10 1 Cured 
MORE, 5 odie cxseteass 3 1 1 to3 Cured 
IN oa. e cao wrod d+ 6 2 2to3 Cured 
Chloromycetin ............ 9 10 2to5 Cured 
Dihydrostreptomycin ...... 6 10 1 Cured 
i 21 10 1 to2 Cured 
ae 26 20 1 Cured 
| 6 30 1 Cured 
Streptomycin ............. 3 10 1 to2 Cured 
Streptomycin ............. 3 20 1 Cured 
Co, ee ree 3 1 1 Cured 
a 6 10 1 Cured 
Control infected chicks ..... 10 None None Died in 5 


to 7 days 





(1) Aureomycin Hydrochloride: One or two administrations 
of this antibiotic intramuscularly in 1 mg. doses were found 
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sufficient to clear the circulating blood of the chick from spiro- 
chetes and ensure cure. All chicks so treated recovered from 
spirochetosis and survived. When the dosage of aureomycin 
was reduced to 0.1 mg., from four to six injections 24 hours 
apart were found to be without any marked effect on the prog- 
ress of the disease; all birds treated with this reduced dosage 
died from spirochetosis within four to nine days. Six chicks 
which were treated each with a single dose of 10 mg. of this 
antibiotic were cured within 24 hours. There was no reap- 
pearance of the spirochetes in the circulating blood of the re- 
covered chicks during two months of observation following the 
cure. 


TABLE 2 


Results of effective antibiotics when administered in inadequate doses 





No. Dosage Nv. Injects. Results 





Treatment Groups Chicks mg. per 24 Hrs. Dead in No. 
and Controls Used Inject. Apart Days Cured 
Aureomycin .............. 3 0.1 1 to 6 4to9 None 
MSIE once cec cs ccsees 3 0.1 4to 11 6to14 None 
Chloromycetin ............ 3 0.1 1 to8 4to10 None 
Chloromycetin ............ 3 1.0 3 to 6 3to6 None 
Dihydrostreptomycin ...... 3 0.1 3 to 4 6 to7 None 
Dihydrostreptomycin ...... 3 1.0 2 4to6 One 
PenicillinG .............. 5 1.0 1 to3 4to5 One 
Streptomycin ............. 9 1.0 1 to6 4to 8 None 
Terramycin .............. 7 0.1 1 to 3 4to5 Two 
Control infected chicks ..... 10 0 0 5 to 8 None 
Control non-infected chicks.. 10 0 0 None All 
survived 





(2) Bacitracin: Chicks treated daily with 0.1 mg. (4.9 units) 
of this antibiotic died of spirochetosis in four to nine days. With 
increased dosage of 1 mg. one of the chicks was cured by a 
single injection. The others required two doses at 24 hour 
intervals to clear the blood of spirochetes, and the spirochetes 
reappeared in small numbers 24 hours later, but a third injec- 
tion produced cure. Further increase of dosage to 2 mg., which 
is about the maximum tolerance dose for a chick, required also 
two to three injections to produce the cure. 

(3) Chloromycetin (Chloramphenicol): With the dosage of 
10 mg. this antibiotic required two to three injections at 24 
hour intervals to clear the spirochetes from the circulating 
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blood of the chicks, and one to four days later scanty numbers 
of spirochetes reappeared. These disappeared completely again 
following the third or fourth treatment. Chloromycetin admin- 
istered in daily doses of 0.1 mg. was without any curative 
value. All chicks died from spirochetosis. When the daily 
dosage was increased to 1 mg., it, likewise, was found ineffec- 
tive and all birds died in from three to six days. 

(4) Dihydrostreptomycin Sulfate: A single dose of 10 mg. 
of this drug caused disappearance of all the spirochetes from the 
circulating blood within 24 hours and ensured cure. Two chicks 
treated with a daily dose of 1 mg. died of spirochetosis in four to 
six days respectively, while the third chick was cured with two 
treatments. When the dosage of dihydrostreptomycin was re- 
duced to 0.1 mg. daily, the number of spirochetes in the blood 
of the birds increased rapidly and progressively and all the 
chicks died from the infection within six to seven days. 

(5) Penicillin G Sodium: A single dose of 10 mg. (nearly 
17,000 units) of this antibiotic was found sufficient usually to 
produce a cure within 24 hours. When the dose was increased 
to 20 or 30 mg., absolute cure was always obtained with a single 
administration. As a rule, a 1 mg. daily dose of penicillin was 
without curative effect, and the chicks succumbed to the in- 
fection. 

(6) Streptomycin Sulfate: A dosage of 10 mg. of this anti- 
biotic generally produced cure with a single injection. The 
spirochetes reappeared in the blood of one of the birds four 
days later but again disappeared following a second treatment. 
When the dosage of this antibiotic was reduced to 1 mg. daily, 
it failed to halt the infection; the spirochetes increased rapidly 
in the blood and all the chicks died in from four to eight days. 


(7) Terramycin Hydrochloride: A single dose of 10 mg. of 
of this antibiotic eliminated the spirochetes completely from 
the circulating blood within 24 hours and absolute cure was 
ensured. When the dosage of terramycin was decreased to 1 
mg., effective cure was achieved. When the dosage was further 
reduced to 0.1 mg., one chick died from infection following the 
first treatment, and two others were cured with two treatments 
given 24 hours apart. 
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One of the chicks cured by terramycin was sacrificed 27 
days later, the brain and liver emulsified and about one-fifth 
of this material was inoculated into four young normal chicks. 
These four chicks showed no signs of spirochetosis; daily micro- 
scopic examination of their blood failed to reveal any spiro- 
chetes. All these test chicks survived. 

Controls: Ten infected chicks which received no therapy de- 
veloped acute spirochetosis and died within a week. 

B. Antibiotics Which Were Found Without Any Therapeu- 
tic Effects on B. Anserina Infection: The following four anti- 
biotics each administered alone daily, intramuscularly, in their 
maximum tolerance doses per chick, were found to be without 
any therapeutic effects on experimental spirochetosis in young 
chicks: acti-dione, neomycin, polymyxin B and antibiotic Q-19 
(see Table 3). 

(1) Acti-Dione: Daily doses of 0.025 mg. of this antibiotic 
were without any curative value and the chicks died of spiro- 
chetosis in from six to nine days. 

(2) Neomycin Sulfate: Daily doses of 15 and 20 mg. of 
neomycin were likewise without any curative effect. All in- 
fected chicks died in from three to seven days. 

(3) Polymyxin B Sulfate: Four daily doses each consisting 
of 1.5 mg. of polymyxin B failed to halt the progress of B. 
anserina infection. The chicks died of spirochetosis in from 
six to seven days. With daily doses of 1 mg. chicks died within 
a week. 

(4) Antibiotic Q-19: This antibiotic was found to be without 
any curative value. Chicks which received a daily injection of 
1 mg. all died of spirochetosis in from four to seven days. Chicks 
which received 0.5 mg. of Q-19 daily succumbed to the disease 
in from five to eight days. 

Controls: Ten infected and untreated chicks died of spiro- 
chetosis within seven days. Ten normal chicks which were not 
inoculated with B. anserina survived for 6C days, when they 
were discarded. 

C. The Effect of Antimonial, Arsenical, Furacin and Sulfur 
Compounds on Avian Spirochetosis: FURACIN, in 5 mg. daily 
injections, was found to be without any curative value; the 
chicks died of spirochetosis in from five to six days following 
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the infection. FUADIN, in 6.3 mg. given daily, likewise failed 
to halt the progress of the disease. The chicks died from B. 
anserina infection within four to six days. GANTRISIN, in 
10 mg. doses administered at 24 hour intervals, was without 
therapeutic effect; all the birds died in six days. NEOARS- 
PHENAMINE in single dose of 5 mg. cleared the blood of 
spirochetes within 24 hours and ensured a permanent cure. 
NEOSTAM, NEOSTIBOSAN and SOLUSTIBOSAN, each sep- 
arately in daily doses of 4 mg., were without any chemother- 
apeutic effect. The chicks treated with these compounds died 
of spirochetosis in from four to seven days following the inocu- 
lation of B. anserina. 

D. Toxicity Studies: The maximum tolerance doses of acti- 
dione, neomycin, polymyxin B and Q-19 to normal chicks were 
determined (see Table 3). 


TABLE 3 


Antibiotics which are not effective in cure of Borrelia anserina 
infections (Spirochetosis) in young chicks 





No. Dosage Nv. Injects. Results 











Treatment Groups Chicks mg. per 24 Hrs. Dead in No. 
and Controls Used Inject. Apart Days Cured 
Serre ere 3 0.025 3to6 6to9 None 
RES 02 3, ek he a 3 15.0 1 to 4 3to7 None 
eee 3 20.0 1to2 4to5 None 
Pommyzin B. ...... 0.0... 3 1.0 2 to + 4to7 None 
Porymyuin B ..... 2.20.00 3 1.5 + 6 to7 None 
et ies aca wk yews 3 0.5 2to5 5 to8 None 
i gia ts igh 3 1.0 1 to3 4to7 None 
ontrol infected chicks ..... 10 0 0 5 to8 None 
Control non-infected chicks.. 10 0 0 None All 
survived 





(1) Acti-Dione: Chicks weighing about 50 grams were un- 
able to tolerate 0.1 mg. of this antibiotic intramuscularly and 
died within 24 hours. Chicks which received a single dose of 
5 mg. of this product died within a few minutes. The safe 
dosage for intramuscular inoculation of this antibiotic, there- 
fore, was selected as 0.025 mg. daily. 

(2) Neomycin Sulfate: Twenty-five mg. of this antibiotic 
per chick in a single dose administered intramuscularly pro- 
duced a severe reaction and 50 per cent of the chicks died; with 
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a 50 mg. dose, death was instantaneous. A dosage of 20 mg. in- 
travenously was always fatal to chicks. The safe amount of this 
antibiotic for intramuscular administration in chicks was con- 
sidered to be about 15 mg. daily. 

(3) Polymyxin B Sulfate: A dose of 2.5 mg. of this com- 
pound given intramuscularly produced toxic reactions in young 
chicks, resulting in the death of the birds within 24 hours. For 
this reason the maximum daily dose selected for therapy was 
1.5 mg. 


TABLE 4 


The Effect of Antimonial, Arsenical, Nitrofuran, and Sulphur Compounds 
on Borrelia anserina infection (Spirochetosis) in young chicks 











No. 


No. 





Infect. Dosage Injects. 

Treatment Groups Chicks mg. per 24 Hrs. 

and Controls Treated Inject. Apart Results 
SE Saenger ae 3 5.0 3 Dead 5 to 6 days 
eos a Sr wae ewe 3 6.3 3 Dead 4 to 6 days 
NN occ svc nis sea ansleve 3 10.0 3 Dead 6 days 
Neoarsphenamine ......... 3 5.0 2 Cured 

MED eevccccwvvceveccs 3 4.0 3 Dead 5 to 6 days 
Neostibosan .............. 3 4.0 3 Dead 5 to 6 days 
Solustibosan .............. 3 4.0 3 Dead 5 to 6 days 
Control infected chicks ..... 3 0 0 Dead 5 to 7 days 
Control non-infected chicks.. 3 0 0 Survived 





(4) Antibiotic Q-19: A single 10 mg. dose of this antibiotic 
to a 50 gram chick produced toxic reaction and death within 
one hour. With 5 mg. per chick, death occurred within 24 
hours. Chicks which received a single dose of 2 mg. showed a 
toxic reaction, but survived. Chicks weighing about 50 grams 
failed to tolerate more than 1 mg. of this antibiotic daily when 
given intramuscularly. 


E. Search for Latent Spirochetes in the Blood and Tissues 
of the Cured Chicks: The 180 chicks which were pronounced 
cured with the therapy of seven antibiotics showed no evidence 
of spirochetes in their peripheral blood, as determined by 1,800 
microscopic examinations at various intervals during two 
months. However, eleven cured chicks died five to twenty- 
seven days after apparent cure. A few hours before death the 
blood and organs of some of these birds were examined and 
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found negative for spirochetes. The exact cause of the death 
of these eleven chicks was not determined. 

Blood samples from five chicks cured with antibiotics which 
were pooled together and inoculated into normal young chicks 
gave no evidence of spirochetes. Likewise, the portions of 
brain, spinal cord and liver from five cured chicks inoculated 
into several normal chicks, failed to reveal any latent spiro- 
chetosis. All the test birds survived and were negative for 
B. anserina. 

Another group of normal chicks, of the same age as the 
“latency test” chicks, inoculated with B. anserina contracted 
the infection and died from acute spirochetosis within a week. 


Discussion 


The young chick two to four days old is admirably suitable 
for studies of experimental B. anserina infection and for im- 
munologic and chemotherapeutic investigations in avian spiro- 
chetosis. The B. anserina infection in young chicks runs an 
acute course; the spirochetes appear in the circulating blood of 
the fowls within 24 hours. They increase rapidly and progres- 
sively to enormous numbers, and all chicks die with spiroche- 
tosis within seven days. These findings are always regular and 
therefore highly significant. 

It must be borne in mind, however, that if older chicks weigh- 
ing more than 100 grams, or half-grown and adult chickens 
are used for experimental spirochetosis, the results will not be 
uniform, as the percentage of spontaneous recovery among older 
fowls is very high. On the other hand, the mortality rate is 
100 percent when 40 to 60 grams young chicks are inoculated 
with virulent strains of B. anserina. 

Experimental data on hand demonstrated that each of seven 
out of eleven antibiotics, administered intramuscularly in ade- 
quate doses either early or during the height of B. anserina 
infection, produced cure in all chicks treated. No latent spiro- 
chetes were demonstrable in the blood, liver, brain and spinal 
cords of the experimentally cured chicks. 

Although relatively few chicks (3 to 58) were used in testing 
each of the eleven antibiotics, the results are considered conclu- 
sive. The ease by which one can demonstrate microscopically 
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the presence of spirochetes in the circulating blood of the chicks 
from the first day on, and the rapid and progressive increase 
of the spirochetes to enormous numbers and subsequent dis- 
appearance of all the spirochetes within about 10 hours follow- 
ing adequate treatment make such experimental data sig- 
nificant. 

Acti-dione, neomycin, polymyxin B and antibiotic Q-19 are 
apparently without any therapeutic value in avian spiroche- 
tosis. These four antibiotics appear even to have contributed to 
the progress of the disease and the early death of the chicks. 

Penicillin and neoarsphenamine are of known therapeutic 
value and were included in the present studies for comparison. 
The only antibiotic other than penicillin which had been tested 
previously against B. anserina infection was streptomycin, and 
it with inconclusive results (McNeil et al., 1949). In the hands 
of the present writers, streptomycin proved to be of therapeutic 
value in experimental B. anserina infection, although larger 
doses were required to produce a cure (see Table 1). 

The antibiotic most effective in cure of avian spirochetosis 
proved to be terramycin; a single dose of 0.1 mg. per 50 gram 
chick was found to be sufficient to produce cure. Aureomycin 
and bacitracin were of equal therapeutic value, for each pro- 
duced cure with 1 mg. doses in one or two administrations. 
Dihydrostreptomycin, penicillin and streptomycin each en- 
sured cure with a dosage of 10 mg. per bird. When the dosages 
of these antibiotics were reduced tenfold, they were found to 
be without any appreciable effect in halting heavy infections 
(see Tables 1 and 2). 

The relapses observed in twelve chicks treated with antibi- 
otics indicated insufficient dosages. When such relapses were 
treated with adequate doses of an antibiotic the spirochetes dis- 
appeared from the circulating blood of the birds and cure was 
established. 

Since at least seven antibiotics are known now to be effective 
in treatment of avian spirochetosis, the choice of therapy during 
an outbreak of this disease should be determined by the rela- 
tive cost and availability of these antibiotics. If it is known 
that the fowls were previously treated for other infectious con- 
ditions with any of these seven antibiotics, then that particular 
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antibiotic should be avoided and others be given preference in 
order to eliminate any possible allergic reactions. 


SUMMARY 


1. Eleven antibiotics, nine of which were used for the first 
time, were tested as therapeutic agents for B. anserina infection 
(spirochetosis) in young chicks. 

2. Each of the following seven antibiotics produced cure 
after one or two treatments with adequate dosages: aureomycin, 
bacitracin, chloromycetin, dihydrostreptomycin, penicillin G, 
streptomycin and terramycin. 

3. Acti-dione, neomycin, polymyxin B and antibiotic Q-19, 
all failed to produce a cure in chicks suffering from spirochetosis 
even when administered in the maximum tolerance dose. 

4. The following chemicals were found to be without any 
curative value in avian spirochetosis when administered in 
their maximum tolerance dose: furacin, fuadin, gantrisin, neo- 
stam, neostibosan and solustibosan. Neoarsphenamine in a 
single dose of 5 mg. produced cure. 

5. The value of using very young chicks for chemotherapeu- 
tic studies of avian spirochetosis is emphasized. 
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BLINDNESS IN PREMATURE INFANTS, WITH SPECIAL 
REFERENCE TO RETROLENTAL FIBROPLASIA* 


ARLINGTON C. KrausE 


The problem of the blind premature is greater than we 
realize. The total number of blind children is unknown and 
unobtainable. Innumerable blind children are in homes, pri- 
vate and state institutions as blind, mental and social cases. 
Many have blindness as an incidental part of a systemic or 
neurological disease. Many die in infancy. In spite of the 
great effort of many well organized social and scientific societies 
to record and classify these individuals medically the informa- 
tion is faulty. Thus the statistics on blindness, particularly on 
the blind child, cover the minimal number in an uncertain 
manner and give a false conception of blindness. At the present 
time, there seems to be no way to overcome our deficiency in 
knowledge of the number and causes of blindness except in a 
desultory way. 

We need better identification of the individual blind child, 
so that we may gain a better knowledge of what we are doing. 
In most states the identity of the blind individual cannot be 
revealed. Some states in the United States and some provinces 
in Canada are giving consecutive birth numbers to the new 
born. In this way, by their number, medical statistics on the 
individual are easily filed without confusion in individuality. 

The poor records of institutions give incomplete and false 
statistics. Diagnoses are only descriptive. Genetics of the ocular 
disease are neglected. We need better records of the blind. 
The information obtained solely on a brief single examination 
of an eye is misleading. For example, a re-examination of 
blind pensioners in Illinois showed that many persons could 
have much better sight after an operation such as a cataract 
extraction. 

More knowledge of the disease process of the eye is needed. 
Since few eyes are examined histologically, much of our knowl- 
edge of ocular diseases is based on old incomplete descriptions 
~ *The J. O. McReynolds Lecture, delivered November 6, 1950, at The 


University of Texas Medical Branch, Galveston. From the Division of 
Ophthalmology, University of Chicago Clinics. 
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of a few eyes. The post-mortem examinations are few because 
the state laws and emotional factors of relatives are such that 
they tend to prevent them. By an organized effort this situation 
could be changed, without much disturbance, to eliminate these 
obstructions. Recently some states have modified their laws 
so that the eye bank may obtain eyes. 

We need more knowledge of disease in early life. The great 
unknown field of medicine of the new-born and infant will 
in the future be the phase of investigation. It may be said that 
the highest death rate is between the time of conception and 
birth. The third highest death rate is in the first year of life. 
To follow consecutive families from birth to death is the newer 
future approach to ophthalmological problems of the blind 
child. 

The importance of the blind child in our economy cannot 
be over-emphasized. He is in the beginning of life and expects 
to live to an old age. Thus, the great factor is time. Because 
of the lack of proper individual care and adaptability, the blind 
child tends to become a ward of the state. He may become 
a positive liability; not a negative one. It may mean a differ- 
ence of $800 per year, for this was the cost for a child in an 
institution in Illinois in 1948. 

A survey of the blind children in schools of the United States 
was made in 1948. Many institutions were unable to co- 
operate, but the statistics indicate a trend. Traumatism and 
infectious diseases such as gonorrhea and syphilis definitely 
are causes which are decreasing, but congenital ocular diseases 
are rapidly increasing. The future of prevention of blindness in 
children lies in the predominant field of congenital diseases. 
The greatest single cause of blindness in the infant is a disease 
which has only recently come into prominence by its rapidly 
increasing recognition. It is called retrolental fibroplasia. 

Let me tell you the story of our blind children with retro- 
lental fibroplasia who have been continuously followed for 
fourteen years, from birth to death, in the University of Chicago 
Clinics by the ophthalmologists, pediatricians, social workers 
and psychologists. Our experience has much in common with 
that of three other groups of investigators. 
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Retrolental Fibroplasia 


First, let me try to explain what retrolental fibroplasia is. 
In 1942, Terry, in Boston, began to report on his observations 
of a new bilateral disease in prematures; this he labelled retro- 
lental fibroplasia because he believed that the disease was re- 
lated to the persistence of the fetal vacular system of the eye 
and to a mass of connective tissue behind the lens. A part of 
the name had been used previously to describe a sporadic dis- 
ease, actually of that nature in single eyes. As the knowledge 
increased, it was observed that his conception of the disease 
was wrong and the name was unsuitable. Now, usage has 
fixed the term. As a consequence, there is much confusion 
among the ophthalmologists. 

A definition of retrolental fibroplasia should be limited to 
the common clinical form of the disease which has recently 
become widespread. At present, the disease is best defined by 
description. It begins as a bilateral exudative retinitis and 
uveitis generally affecting premature infants in the early 
months of life. The connective tissue and the detached retina 
later forms a mass behind the lens. In this sense we have a 
clinical entity probably arising from one cause. 

The term, retrolental fibroplasia, has been applied to a multi- 
tude of clinical ocular diseases of diverse nature. It should not 
cover any internal ocular disease in early infancy resulting 
from inflammation or maldevelopment and ending with a white 
pupil. It is certainly not a disease primarily related to the 
persistence of the hyaloid artery, for the artery is rarely if 
ever present. Furthermore, the fetal vascular system of the 
lens is not involved although if the eyes of a very early prema- 
ture are affected the incompletely regressed iridis vascular 
arcades may take a part in the process. 

There is no reason why the pathological process should not 
occur in other diseases which simulate the restricted clinical 
type of retrolental fibroplasia. For example, one hydrocephalic 
infant was delivered by caesarian section and lived for one 
day. The sectioned eyes revealed congenital detached retinas 
of long duration. From a broad point of view this could be 
classified as retrolental fibroplasia but not as the kind under 
consideration. Another instance is that of a child, age 6 years, 
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who had a retinal exudation and detachment after a severe 
burn. Here the pathological process is similar but the disease 
should not be called retrolental fibroplasia. 


Incidence 


The true incidence of retralental fibroplasia is unknown. My 
correspondence reveals that during the last ten years about 
700 to 1,200 cases of retrolental fibroplasia have been seen in 
the United States. One half of these were discovered mainly in 
the medical centers of Chicago, New York, Boston and Balti- 
more; the others are scattered around the country. Recently 
few cases have been in Europe. 

The record of the experience of the University of Chicago 
Clinics during the past 14 years is useful in the evaluation of 
the disease. The infants were followed by the ophthalmologists, 
pediatricians, child psychologists and social workers. The eyes 
of the suspected infants were generally examined under general 
anesthesia. Mental tests were made on the children about 
twice a year. The eyes which were enucleated were studied 
in serial section. Autopsies were obtained if possible. When 
the child was unable to attend the clinic he was followed by 
correspondence with other physicians or institutions. The first 
infant with the disease was seen in 1937. A detailed search 
in hospital and pathological records, diagnostic files and the 
questioning of the older institutional physicians for evidence of 
the ocular disease before 1937 was completely unsuccessful. 
' The incidence of the cases of retrolental fibroplasia from the 
Chicago Lying-in Hospital and outside hospitals in the Eye 
Clinic was closely followed. 

Since the first infant was seen in 1937 the number of affected 
children born on the obstetric service and in outside hospitals 
has greatly increased. 

If the statistics of Chicago Lying-in Hospital are correlated 
for 1937 to 1950, the total births, premature and previable 
births have only increased 50 per cent. Furthermore, the an- 
nual number of survivals with a birth weight of less than 
1600 gm. falls in a relatively narrow range and are not in- 
creasing in number. It is this group of prematures in which 
the incidence of retrolental fibroplasia is rapidly growing so 
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that the prevailing opinion that life is saved at the cost of 
sight is not true. 

There is no doubt that retrolental fibroplasia is a disease 
related to prematurity. If the birth weights of infants with 
retrolental fibroplasia are placed in groups with 250 gm. in- 
crements, the large groups are in the range of 1000 to 1750 gm. 
and a few birth weights in the groups up to 3800 gm. The larg- 
est group is in the 1200 to 1400 gm. weights. A similar relation- 
ship is shown in the gestational age. About 17 per cent of the 
total number of infants with the disease are twins and triplets. 
This is to be expected for multiple births are a common cause 
of prematurity. There is no evidence for a prenatal cause of 
ocular disease, as yet, from the study of the histological section 
of our eyes of the stillborn premature. There has been a defi- 
nite trend toward a less severe type of ocular disease. 


Etiology 


The etiology of retrolental fibroplasia is still unknown. One 
of the crucial points concerning etiology is whether or not it is 
congenital. 

Prenatally the disease cannot be correlated with ancestors, 
time of conception, health or age of the parents, social or eco- 
nomic status, local epidemics, time of birth during the year, 
diseases of pregnancy, difficulties of labor, diseases during preg- 
nancy, drugs or food used during pregnancy or delivery, and 
placental diseases. Only in two instances has it occurred in a 
second child of a family. 

The etiology of rotrolental fibroplasia is associated with a 
short gestation and a low birth weight. The disease is most 
common among premature infants but seemingly it is unrelated 
to cause of prematurity in the mothers. Since multiple births 
are a frequent cause of prematurity, it is not unusual to see 
the disease in twins. Sex of the infant or the type of twins has 
no relationship to the disease. No definite connection can be 
found with the more common abnormalities of premature in- 
fants. The question of whether infants with retrolental fibro- 
plasia have more angiomatous lesions than the average prema- 
ture child of the same weight is still doubtful. Furthermore, 
anoxia, asphyxia, hemorrhage, anemia, juandice or the rH 
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factor of the newborn are not factors in the etiology. Exposure 
of the eyes of the premature infant to light has no effect. 

Circumstantial evidence tends to indicate that the disease is 
associated with the post-natal life of the infant. Infants with 
fetal toxoplasmosis, syphilis and rubella, persistent remains of 
the hyaloid artery and hyperplastic vitreous, congenital ret- 
inal falciform folds, ocular colobomas and ocular maldevelop- 
ments that have little in common with retrolental fibroplasia 
may be eliminated. Since retinal folds and stalks in retrolental 
fibroplasia are seen as residue of the pathological process, they 
are not all congenital in origin as previous descriptions would 
indicate. Retinal dysplasia may not necessarily be a congenital 
defect for it was observed to be the final result after the atrophy 
of the inflammatory connective tissue in the vitreous cavity and 
whatever causes the exudative retinopathy may affect the eyes 
any time from birth through the first months of life. Further- 
more, a similar exudative reaction may occur in the brain or 
the body. 

If in this syndrome the disease is not congenital but develops 
in post-natal life, then a search for the etiology leads into pedi- 
atric management. There are certain observations that point 
to improper treatment of the infant. There is a high incidence 
of the disease in infants who are born in certain obstetric 
hospitals, particularly those associated with medical schools. 
Of course, the infants who have the disease often appear in 
' centers although they are born elsewhere. All of our infants 
with the disease have been born in hospitals. It is also true 
that some university and other large obstetric hospitals have 
few or no cases of their own. 

As far as it can be determined, this incidence is unrelated to 
vitamin therapy or to the medium in which the vitamin is 
given. Overdosage of vitamin A produces symptoms that are 
not connected with retrolental fibroplasia. Vitamin E or alpha 
tocopherol has been recommended as a specific for the disease; 
but retrolental fibroplasia occurs although vitamin E may be 
given prophylactically long before any ocular signs or symp- 
toms appear. If it is given after the disease starts, retrogression 
of the disease is no proof that it influences its course because 
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in some eyes the process becomes self limiting. As yet, it is 
still doubtful whether vitamin E influences the disease. 

It is possible that retrolental fibroplasia is caused by a sys- 
temic metabolic disturbance. Dr. R. Hepner, who formerly 
worked with me on retrolental fibroplasia at the University of 
Chicago, has suggested that pediatric management may play 
the important part in the etiology. In the premature infant the 
kidney has an abnormally low ability to excrete phosphates, 
produce ammonia and concentrate the electrolytes. The evi- 
dence is that the common edema of premature infants is corre- 
lated with this renal insufficiency. The trend in nutrition of 
infants has been to use some form of cow’s milk with its 
high amount of electrolyte to replace human milk. Further- 
more, in the fight for survival, blood and saline transfusions are 
given. This treatment is commonly applied to prematures 
within the first few months of life. The faulty electrolyte dis- 
tribution, water imbalance, acidosis and anoxia from the ane- 
mia tends to affect the vascular system and tissues. It is 
easier then to understand the cause of the serous exudation of 
the inner eye leading to retrolental fibroplasia. An example 
showing how retrolental fibroplasia arises in this manner was 
observed in the University of Chicago Eye Clinic. A boy, 6 
years of age, was severely burned and inadequately treated. 
Shortly after the injury the eyes developed the clinical appear- 
ance of this disease. Histologically one eye had the typical 
pathological process. This is an excellent illustration of electro- 
lyte and water imbalance giving rise to exudative retinitis and 
total retinal detachment clinically and pathologically similar to 
that which occurs in retrolental fibroplasia clinically and patho- 
logically. 

The unique distribution of the disease in various localities 
and hospitals and also its occurrence in only one of twins can 
be explained by diverse ways of pediatric care in different 
hospitals and the modern trend of not nursing infants. 


Pathology 


A brief discussion of the pathology of retrolental fibroplasia 
and the two diseases that simulate fibroplasia will help clarify 
the picture of retrolental fibroplasia. 
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The three diseases which simulate one another are: (1) The 
well known pseudoglioma; (2) The common hyperplasia of 
the primary vitreous of Rosse or persistence of the posterior 
vascular sheath with its many variations, and (3) Retrolental 
fibroplasia of Terry. 

Pseudoglioma begins as a metastatic retinitis or uveitis in 
young children. The accompanying iridocyclitis is evident 
early in this disease while in the retrolental fibroplasia it 
occurs late. 

The retina is detached beginning at the disc and ending at 
the ora serrata. It is thickened and distorted. The funnel 
formed by the retina is filled with granulation tissue. Connec- 
tive tissue tends to spread from the ciliary body to the spaces 
behind the lens until a cyclic membrane is formed. The serous 
fluid behind the retina may also end in connective tissue as 
a retrorentinal mass. Later the contraction of the connective 
tissue gives a shrunken eye. 

The hyperplasia of the primary vitreous (of Reese), the 
remains of the posterior vascular sheath, and posterior lenticu- 
lar membrane with a persistent hyaloid artery seem to be 
various names applied to an ocular disease which is limited by 
description and has an unknown etiology. This is the disease 
in which there is a retrolental fibroplasia. The clinical picture 
was so similar to that of the ocular disease now termed retrolen- 
tal fibroplasia that the name was appropriated and modified 
for an entirely different syndrome which is now called by that 
name. In contrast to retrolental fibroplasia, this old disease has 
been frequently described. It occurs generally in one eye of 
full term children at birth. Since the hyaloid artery is present 
the pathological process started in utero. In these eyes a saucer 
or wedge-shaped mass is found behind the lens connected with 
the hyaloid artery. The lens may be opaque. The retina may 
be dysplastic. 

Retrolental fibroplasia has a different pathological story. In 
a typical eye, no hyloid artery is present. In the severe form 
of the disease the retina is completely detached and pushed for- 
ward. The shrunken vitreous is filled with vascular connective 
tissue veils and layered with a cyclitic membrane arising from 
the ciliary body. Later, posterior synechiae form and the iris 
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and lens are pushed forward by serous exudate and hemorrhage 
in the vitreous cavity. Then glaucoma results. 


Clinical Symptoms 


The clinical course of retrolental fibroplasia aids in the diag- 
nosis. The disease appears most commonly in premature in- 
fants and in infants with a low birth weight, but it may be 
seen in full-term infants. The eyes seem normal at birth. The 
first internal ocular signs are observed between the second and 
fifth post natal month. They have been seen as early as the 
second week. The initial ocular disturbance is rarely seen be- 
fore or after this time. Almost always both eyes are affected. 
The disease may damage one eye less than the other so that 
some vision may be retained. 

The first sign is the dilation of the retinal arteries and veins. 
The arteries become tortuous. The retina turns gray in color 
from edema. The vitreous over the retina and vessels and near 
the ciliary body is cloudy with exudation from the dilated ves- 
sels. Superficial hemorrhages may occur around the disc and 
macular and in the hyaloid canal. The retina adjacent to the 
dilated vessels and particularly at the periphery is detached 
by the serous exudation between the bacillary layer and the 
pigment epithelial layer. Later, the connective tissue veils 
form in the vitreous and over the edematous areas of the retina. 
A cyclitic membrane covers the retrolental spaces. Serous ex- 
udation and hemorrhage press the retina forward until it 
forms a mass with the residual remains of the vitreous and the 
connective tissue behind the lens and iris. The retina is at- 
tached to the ora serrata and to the disc as a stalk of disorgan- 
ized tissue. The layers of the retina may give rise to large cysts. 
The new capillaries tend to hemorrhage easily. The traction 
on the ciliary processes makes them visible in peripheral region 
behind the iris as dentations or palisades. The totally detached 
and displaced retina never returns clear at this stage. Later 
posterior synechiae immobilize the iris. Rarely new vessels 
are seen around the pupillary space. The pressure upon the 
detached retina presses the iris and lens into the anterior cham- 
ber until they touch the cornea resulting in glaucoma and an 
opaque cornea. Sometimes a sudden massive hemorrhage in 
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the posterior chamber will produce a severe glaucoma. At times 
the glaucoma causes buphthalmos. The end result is a blind 
atrophic eye. The severely damaged eye becomes micro- 
phthalic for growth is retarded. Furthermore, the deficient 
growth of the orbit and intraorbital tissue leads to endophthal- 
mos and pseudoptosis. 

Not all eyes run this course. Small patches of retinal dis- 
turbance may end in small areas of healed chorioretinitis. Mild 
exudations on the disc may give only a blurred or veiled disc 
usually with slight sheathing of the vessels. This minimal 
scarring was seen only once in one eye. 

More frequent is the incomplete process. Retinal edema, 
vitreous and retinal exudation and hemorrhage, vitreous veils 
with focal or partial retinal detachment may absorb leaving 
little evidence of retrolental fibroplasia. This has happened in 
one infant. A lateral retinal mass in the form of a stalk or fold 
streaked with parallel vessels may cover the disc and extend 
laterally to the ciliary body and to one side of lens posteriorly. 
The retinal vessels are then small or are absent. A black 
crescent may surround the disc and small areas of black granu- 
lar pigment may or may not be evident in background of dull 
dark red fundus. Various degrees of vision remain. This type 
of retrolental fibroplasia is quite common and is perhaps 
incorrectly diagnosed as congenital retinal septa or folds. 


Differential Diagnosis 


The diagnosis is less difficult to make after a few patients 
with retrolental fibroplasia are seen. Retinoblastoma may be 
confused with retrolental fibroplasia. It generally occurs later 
in life in one eye and appears as a smooth mass. Metastatis 
enophthalmitis follows a severe infectious disease and systemic 
reactions are found. Tuberculosis and syphilis of the inner 
eye are associated with the systemic disease. In fetal rubella 
the history and physical defects aid in the diagnosis. Retinal 
gliosis resulting from hemorrhage is extremely rare and is 
not progressive. 


Treatment 


There is no satisfactory treatment for retrolental fibroplasia. 
Medication applied locally seems to have temporary or little 
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effect. Pupil dilators to prevent iridic synechiae seem to work 
only in the mild disease. Pupil constrictors to relieve glaucoma 
have little value. Vitamin A and C are not preventatives. 
Tween eighty (or sorbitan monooleate polyoxyethylene) has 
no effect. Vitamin E was believed to be a preventive but in- 
fants given large amounts of alpha tocopherol have developed 
the ocular disease. Roentgen ray treatment to reduce the new 
growth of connective tissue and capillaries is valueless. 

Various surgical procedures have been tried to remove opaque 
membranes and to relieve the excessive intraocular pressure. 
The end results are disappointing. The final answer seems to 
be to find the cause. 


Disposition 


The place of these infants in medicine and society is a special 
problem for ophthalmologists, pediatricians, parents, teachers, 
social workers and politicians. 

The ophthalmologists are interested in the vision. In over 
half of the infants the vision was lost early in the first year of 
life. In some eyes the light perception remained for several 
years and then the vision was gone. The vision of form per- 
sisted in the eyes with incomplete retinal separation, folds or 
stalks. In those eyes in which the exudate and membranes 
partly or completely disappeared some vision returned. In 
the partly damaged retina the vision ranged from about 20/30 
to light perception. In few eyes with heavy vascularized con- 
nective tissue, exudates and hemorrhages reoccurred after 
several years and destroyed the vision. 

The pediatricians see these blind infants as a problem for the 
ophthalmologist. They may observe a white mass behind the 
pupil which appears to be a cataract or glioma. The child may 
scarcely notice light. He is fretful and characteristically rubs 
his eyes with the back of his fists. When he is older, the child 
is commonly a behavior problem. 


The parents are usually shocked to hear they have a blind 
infant. A few parents blamed one another, receive the child 
as a punishment or try to place the child in a free institution. 
The infant certainly disrupts the household. The mother gen- 
erally treats the child either in one of two ways. By being over 
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protective and sympathetic, particularly if it is the only child, 
or by ignoring the child the mother hinders its mental and 
physical development so that it is much more retarded than a 
normal blind child and is a behavior problem. In later years 
the time lost may not be recovered and the child is considered 
hopelessly mentally deficient or possible salvage is ignored. 
The social worker is useful in changing the attitude of the 
parents. Capable, intelligent parents by treating the child as 
far as possible like a normal child frequently can develop a 
future useful citizenry. To aid in the adjustment of parents, 
once a year many of the mothers of these children meet for a 
week at a state institution of Illinois to discuss the retrolental 
fibroplasia and the blind child with psychologists, teachers, 
ophthalmologists and social workers. This Parents Institute for 
Preschool Blind Children has proved to be very successful and 
has tended to prevent retardation and placement of the children 
in state institutions. The number of children of this disease 
followed into school have been small because the disease is 
recent. Many are in Braille classes and many infants are in 
a stage of mental evaluation. 

Mental retardation in many of these patients is a great factor 
in their future life. It may be divided into: (1) cerebral hy- 
pogenesis or defective; (2) congenital dullness; (3) mental re- 
tardation from blindness; (4) mental retardation from lack of 
stimulation, and (5) mental retardation from environment. 
One-third of the older children are obviously mentally retarded. 
If the ten per cent of children who died are included the ratio 
is higher. 

The final disposition of our cases varies with the age of the 
child. Of course most of the younger children are at home. 
When they become older many are placed in foster homes and 
state institutions. In the latter they deteriorate still further 
mentally. If the child survives, the state will provide some 
education and a blind pension or an institution to live in. The 
only answer so far for this kind of blind child is not to have a 
premature. 

SUMMARY 


The blind child may become a ward of society for a life time. 
In contrast to other persons, he is greatly dependent upon so- 
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ciety. Blindness in children from trauma and infection is being 
reduced to a minimum but congenital blindness is rapidly 
increasing. At present the most prominent single cause for 
infantile blindness is retrolental fibroplasia. This disease ap- 
pears in the first few months of life of prematures as an exuda- 
tive reaction of the inner eye and leads to blindness. There is 
hope that investigation of the infant will reveal the etiology and 
the method for the prevention of retrolental fibroplasia in the 
near future. 














DRUG EFFECTS MEDIATED PROXIMATELY BY 
PHYSICAL ACTIONS* 


Jor B. Nasu+ anp G. A. EMERSON 


Lack of agreement as to definition of a drug has led to con- 
siderable confusion in regard to the relative importance of 
physical factors in the mediation of drug effects. Thus, Soll- 
mann (1948) states, “Commonly, however, the term ‘pharma- 
cology’ is used in a more restricted sense, as a synonym for 
pharmacodynamics. It concerns itself with the actions of drugs 
on living structures, or with the reactions occurring between 
drugs and living structures. It is therefore a branch of physi- 
ology on the one hand, of chemistry on the other; and is es- 
sentially a division of biology.” Krantz and Carr (1949) delimit 
the field similarly: ‘Pharmacology in a more restricted sense 
has come to mean the study of the response of living organisms 
to chemical stimuli.” The inference is plain that a drug must 
be chemically active, at least to some extent. Grollman (1951) 
is unique in clearly noting that drugs may act physically: “In 
some cases, drugs affect the organism through their obvious 
physical properties as, for example, when the application of 
an ointment to an abraded surface protects it from irritation 
or when the ingestion of a hydrophilic undigestible substance 
exerts a cathartic effect.” 

Preoccupation with the complex and intriguing problems of 
the chemical mechanisms of drug action, with their intellec- 
tually satisfying bases of factual starting points in biochemical 
and biochemorphic corollaries, engenders neglect of the bas- 
ically equally important physical mechanisms. In a practical 
sense, some 20-30% of agents named in standard drug lists 
must be considered, by criteria discussed below, to exert their 
effects primarily through physical means, and the 14th revision 
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of the U. S. Pharmacopeia adds almost twice as many such 
drugs as are omitted. 

If one will agree with Leake (1938), that the study of 
pharmacology properly includes those agents useful in the diag- 
nosis, prevention, and cure of disease, “as well as in the tra- 
ditional alleviation of symptoms,” and so will define a drug 
as any agent belonging to one of these four categories, it follows 
unequivocally that many agents acting primarily through 
physical effects are drugs. It is our purpose to indicate that 
there is no fundamental difference in results of drug action 
whether produced physically or chemically, using the method 
of multiple congruence of examples. A beautifully graphic 
illustration is afforded by Jackson’s (1939) kymographic re- 
cording of changes in carotid and pulmonary arterial pressures 
in the dog after injection of Lycopodium spores, these changes 
being indistinguishable from those brought about by various 
chemical agents able to induce sufficient pulmonary edema or 
to affect pulmonary blood flow directly. Inasmuch as there is 
no universal agreement on any chemical mechanism of drug 
action since the classical example of CO, given by Claude Ber- 
nard (1875), it is difficult to weigh the validity of proposed 
mechanisms. Thus, the following discussion deals only with 
probabilities; but the criteria applied in judging probability of 
a physical mechanism are of the same sort as those applied to 
chemical mechanisms. 

Definition of physical mechanisms.—Gradations of physical 
and chemical activities are implied in the somewhat loosely used 
term, physicochemical. Physics may be defined as “The science 
which deals with those phenomena of inanimate matter in- 
volving no changes in chemical composition” (Webster’s Col- 
legiate Dictionary, 1943), but there is no reason to believe that 
its laws and methods do not apply equally well to animate 
nature. Concepts of the chemical bond, as discussed by Pauling 
(1944), are essentially physical. Ultimately, many chemical 
mechanisms of drug action, now more or less accepted, may be 
better interpreted through better understanding of van der 
Waal’s forces and other physical concepts. In mechanisms 
which involve extreme dilutions of drugs, as with many potent, 
useful therapeutic agents, certain statistical bases of chemical 
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reactivity may not be valid, as noted by Schrédinger (1945); 
particularly is this so with those agents affecting relatively 
minute parts of cells, such as a single gene, or a single type of 
active-patch on a membrane. The extraordinary success of a 
purely physical method, diffusion, in effecting separation of 
the U isotopes (Dunning, 1950), may stimulate parallel ad- 
vances in consideration of biological problems. In regard to cat- 
alytic processes, the nature of the “binding” of reactants by 
the catalyst is known only by implications; if enzymes may act 
at a distance of ca. 200 A or through multimolecular membranes 
as has been claimed (Rothen, 1947), many pharmacologic 
“chemical” mechanisms must be re-assessed, and most drug 
actions then would be considered physical, since so many deal 
with effects of drugs on tissue catalysts. 

To judge arbitrarily, then, whether a given drug mechanism 
is physical or chemical depends on the probability of physical 
effects or chemical reaction: it is not probable that the inert 
gas, xenon, reacts chemically in the body, therefore its effects 
are probably physical; conversely, it is not probable that the 
highly reactive, unstable phenalkanolamine, /-epinephrine, ex- 
erts its effect through a physical action, even though the equally 
reactive, unstable d-isomer is but 1/20th as effective in some 
physiologic actions. 

For present purposes, we may arbitrarily define a drug 
effect mediated by a physical action as one in which the 
physical properties of the drug and of the living tissue indicate 
overwhelmingly the probability of an interaction on a purely 
physical basis, with concomitant lack of any likely chemical re- 
action. Further, we are concerned here only with those 
mechanisms in which the proximate cause of the effect is physi- 
cal, thus relegating the radioactive isotopes, for example, to those 
drugs with a chemical mechanism of action, since these isotopes 
produce their effects in other than diagnostic uses almost wholly 
through their ionization effects; perhaps none is more useful 
than would be a properly placed small amount of dissociated 
H and OH. 

Species of drug effects mediated proximately by physical 
actions.—Effects of drugs are conveniently divided into local 
and systemic actions, the latter implying absorption and dis- 

















62 Nash and Emerson 
tribution of the drug. Within these two categories, actions of 
drugs may be considered according to their uses: diagnostic, 
prophylactic, curative and alleviative. The following outline 
serves as a guide to the enumeration of examples of physical 
mechanisms of action: 


Effects Mediated by Physical Means 











Local 
Diagnostic Locally anesthetic 
Prophylactic Cathartic; antidiarrheic 
Chemotherapeutic Effects on intestinal absorption 
Actions on wound healing Mechanical irritation of serous 
membranes 
Abrasives. Permeability Antiseptic 
Counter-irritant Actions on blood coagulation 
Antidotal Cosmetic 
Keratolytic 
Systemic 
Diagnostic Fibrolytic 
Prophylactic “Colloidal” 
Chemotherapeutic Respiratory 
“Salt Actions” Narcosis 
Atherosclerotic Peripheral nerve repair 
Hemolytic. Permeability Refrigerant 
RES stimulation and depression Lethal 


Photodynamic sensitization 





Diagnostic.—Fluorescent materials such as fluorescein are 
of practical use in revealing discontinuities of the surface of the 
cornea, just as they similarly reveal discontinuities in inanimate 
surfaces. Mercurochrome and easin, contrariwise, probably 
owe their value in this same application to a chemical mechan- 
ism based on differential tropism for necrotic tissue. The 
color change of anhydrous Co salts applied in alcoholic solution 
to the skin, as an indicator of rapidity of action of the sweat 
glands, is either physical or chemical, depending on one’s con- 
cepts of the relation between color and chemical constitution 
(Henrich, 1922) and the nature of changes on hydration of Co 
salts. Appearance of staining at the site of superficial skin 
lesions, after parenteral administration of trypan blue or chlor- 
azol fast pink B (Huggins, 1950), may be considered as a 
physical mechanism through concentration of inert dye par- 
ticles by macrophages at the site. Recognition of deep abscesses 
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may follow a similar physical accumulation of suitable agents 
containing radioactive isotopes in their molecule; but the pres- 
ent use of radio-I to measure functional activity of the thyroid 
is based on a chemical mechanism of accumulation by this 
gland. The radio-opaque solids, oils and solutions, and the radio- 
translucent gases have well-known clinical applications, includ- 
ing important systemic uses as in iodopyracet angiography; 
comparable diagnostic data are not easily obtained by any drugs 
having a chemical mechanism of action. 

Prophylactic—Emollients and demulcents are time-honored 
protectives of the skin and mucous membranes; powders usually 
owe their chief action to a drying effect and mechanical pro- 
tection. Various agents which fluoresce are effective ultra- 
violet absorbents, and prevent sunburn. Medicated collodia, 
with few exceptions, are simply mechanical protectives, as are 
various medicated waxes, also. Success of the “open air” 
method of treating extensive burns (Blocker, unpublished obser- 
vations) is attributed to the circumambient drug, air. Soaps 
used to prevent industrial dermatitides are true physical pro- 
tectives, by preventing contact with irritating materials. Pro- 
phylactic use of castor oil in the eyes during long ether anes- 
thesia depends on application of the high partition coefficient 
of ether. Actions of alcohol and glycerol on the skin are prob- 
able physical, as is the use of the latter in xerostomia, in which 
application it is much more effective than chemically active 
parasympathomimetic drugs. 

Masking of taste perception by effervescent mixtures, colloids, 
and cold presents a special instance of prophylaxis; these agents, 
including ice, are much more effective than any procedures 
dependent on agents having a chemical mechanism of action. 
Contraceptive jellies and creams accepted by the Council on 
Pharmacy and Chemistry of the American Medical Association 
are said (N. N. R. 1950) to “act as chemical agents,” but it 
is noteworthy that no dosage forms of contraceptive drugs other 
than jellies, creams and suppositories are accepted; it is diffi- 
cult to judge whether the spermicide or its vehicle is the basis 
or the adjuvant, but the importance of physical effects is em- 
phasized by the finding of increased protection if these prod- 
ucts are used with an occlusive diaphragm or cervical cap. 
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Systemically, Pauling et al. (1943) and Sabin 1939) have pro- 
vided strong support for the belief that all processes of active 
immunization are mediated proximately by a physical means 
of antibody formation through template production of reactive 
substances. 

Chemotherapeutic.—Locally, the actions of ethyl chloride 
against Ancylostoma braziliense and of hypertonic NaCl 
against Enterobius vermicularis represent effects of physically 
acting agents truly analogous to those of chemically acting 
agents approaching the ideal of magna therapia sterilisans. The 
local chemotherapeutic effect of CO, snow on lupus and leprosy 
is probably proximately physical, but involves secondary chem- 
ical mechanisms; so, also, the non-specific effect of intramuscu- 
lar injections of distilled water or of homeopathic dilutions of 
ethylene disulfonate. Systemically, a physical mechanism of 
action has been predicated for the chemotherapeutic action of 
quinine, as well as for its metabolic and anaphylactoid effects, 
and inhibitory actions on sperm and leucocyte motility, cilia, 
enzyme actions, and glycogenolysis. Sollmann (1948) doubts 
if systemic effects of quinine can be explained on this basis, 
although in vitro effects on infusoria may be chiefly due to 
physical effects at interfaces. Effects of ether on experimental 
virus infections are most probably due to physical factors (Sul- 
kin et al., 1945). Certain antibiotics and other agents which 
lower surface-tension are useful as topical antiseptics, but can- 
not safely be used for systemic chemotherapy, due to their 
hemolytic effects. Williams et al. (1950) indicate that tissue 
distribution of radioactive gold sols used in treating experi- 
mental tumors is governed by physical properties of the sol. 

Actions on wound healing.—Renaturation of proteins by 
concentrated urea solutions offers a method of cleansing 
wounds, often considered mistakenly as “chemical” debride- 
ment. Concomitant activation of proteolytic enzymes of sig- 
nificance in wound healing has been demonstrated by Gur- 
chot and McCawley (1940). Pectin gel and other jellies are 
reputed to furnish an ideal matrix for proliferation of fibro- 
blasts, favoring wound healing. Stimulant effects of balsams, 
scarlet red and other irritants, if any, are probably due to 
chemical effects. Cleansing effects of H,O, in deep wounds is 
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due to mechanical removal of debris by effervescence. The 
disturbing effect of foreign particles on wound healing was un- 
fortunately demonstrated thoroughly in service personnel at 
Pearl Harbor, who were subjected to enthusiastic dusting of 
wounds with sulfonamides. 

“Salt actions.””—Systemic effects of saline and non-electrolyte 
solutions of varying tonicity are so widely recognized and 
applied clinically that no extensive discussion is needed. Re- 
views on water metabolism include those of Peters (1944), 
Pickford (1945), and Gamble (1947). Osmotic dysequilibria 
ordinarily affect all tissues of the organism to some extent, 
with special effects on the hypophysis and the carotid sinus. 
Eichler (1950) notes the special physical chemistry of indi- 
vidual anions. Therapeutic applications of osmotic effects are 
made in shock, hemorrhage, edema, skull fractures, and diu- 
resis, many of which yield results superior to any effects 
obtainable by agents acting through chemical mechanisms, as, 
for example, the pressor amines. Colloidal solutions which have 
been used to restore blood volume or to exert osmotic effect 
include those of gelatin, acacia, pectin, dextran, polyvinyl] alco- 
hol and hemoglobin, as well as human and despeciated plasma 
proteins. Cationic exchange resins have recently been intro- 
duced for oral use in hypertension, and may act also as an 
oral “artificial kidney.” Locally, salt actions are made use of 
in irrigations, enemata and cathartics. Hydragogue saline 
cathartics cause systemic dehydration when given in concen- 
trated solution. 

Atherosclerotic——The inert nature of cholesterol and its 
esters and the readiness with which atherosclerosis is produced 
in rabbits and chicks fed cholesterol-rich diets suggest a purely 
physical mediation of this lesion, and polyvinyl alcohol pro- 
duces similar lesions in the dog (Hueper, 1941). However, 
deposition of lipids in the intima and media of arteries is 
looked upon as a result, rather than the cause, of injury (Duff, 
1936). Acutely, particulate matter is said to improve the flow 
through perfused capillaries, and to inhibit edema by plug- 
ging leaks in the capillaries (Zweifach, 1940). The réle of 
giant complex molecules, and the antagonism of lipotropic 
substances in the etiology of atherosclerosis are still not 
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thoroughly established, so that final judgment as to the type 
of mechanism involved must be deferred. 

Hemolytic. Actions on permeability.—Cholesterol and leci- 
thin in general have mutually antagonistic effects on protect- 
ing against or accelerating the actions of various hemolysins 
and certain alkaloids. The significance of cholesterol and 
lecithin in the mosaic of the cell-membrane is stressed by 
Davson and Danielli (1943), among others. Xanthines have 
significant effects on tissue permeability, as evidenced by 
facilitation of absorption of and synergy with mercurial diu- 
retics (Herrmann et al., 1932, 1933), synergy with antipyretic 
analgetics, and potentiation of toxic effects of ephedrine (Gard- 
ner, Hansen, et al., 1950) and of other agents affecting the 
central nervous system (Fréhlich and Zak, 1927). Hemolytic 
effects of saponins, bile salts and lipolytic narcotics (Leake, 
1927) are probably physical, if inferences may be drawn from 
effects on fragility as tested with hypotonic solutions. Caustics, 
which act chemically, are relatively weak hemolytic agents. 

Abrasive. Actions on permeability of skin and mucous mem- 
branes.—Local effects on cutaneous permeability have been 
noted with a mixture of carbowax and octyl alcohol for his- 
tamine (Luduena ef al., 1949). Diethyleneglycol monoethyl 
ether was claimed by Major (1936) to increase skin absorption 
of insulin, but Bruger and Flexner (1936) deny this. Poly- 
ethylene glycol 400 USP XIV is useful clinically as an adjunct 
to bronchodilator aerosols (Dautrebande et al., 1942), possibly 
acting to increase mucosal permeability. Particle size is of 
importance in inunction of Hg ointments. Mucuna pruriens, 
“itching powder,” was recommended by Sollmann and Pilcher 
(1917) as a means of introducing agents intradermally for 
skin tests or vaccination; this agent increases skin absorption 
of insulin (Abreu et al., 1938). Like other plants noted by 
Brown and Anderson (1918) to produce an acrid taste solely 
by the mechanical action of Ca oxalate raphides, M. pruriens 
irritates by purely physical means since it lacks irritant agents 
soluble in aqueous or organic solvents (N. M. Phatak, un- 
published observations). Hosford and McKenney (1933) at- 
tribute the ophthalmic actions of ointment of yellow mercuric 
oxide to its physical effects. 
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Counter-irritant.—Uses of cataplasmata, moxia, setons, vesi- 
cants and pustulants are obsolete, due to development of more 
effective or convenient physical means. Coulter (1937) notes 
the uses of heat and cold in hydrotherapy. 

Non-specific effects on the reticuloendothelial system.—Many 
inert colloidal materials are ingested by macrophages, inducing 
stimulation of function in small doses and inhibition in large 
doses. Practical use of stimulant effects, as in chrysotherapy, 
has lost popularity, but such stimulant actions are probably 
more reliable than those produced by any chemical agents 
other than adenine or yeast nucleotides. Direct chemical bac- 
teriostatic effects of the antibiotics render stimulation of the 
reticuloendothelial system unnecessary. 

Antidotal.—The solvent effects of ethanol are of use in an- 
tagonizing local effects of phenol. Kerosene and gasoline have 
been recommended for use against mustard gas on the skin, 
but have potential hazards. Soap and water, in many cases, 
are still more effective in preventing injury (Marsh and Leake, 
1942). Charcoal, among the adsorbents, has many applications 
in antidoting poisons taken by mouth, if given in time; cationic 
exchange resins should be of even greater value in certain in- 
stances of poisoning. Salting-out procedures, which theoretically 
might be of value, peculiarly have been neglected in the treat- 
ment of poisoning, but the use of saline cathartics to remove 
noxious materials expeditiously is routine. 

Fibrolytic_—Results of resolution of peri-arterial fibrosis in 
tertiary lues with tryparsamide (Loevenhart et al., 1926) em- 
phasize the importance of physical end-results, but the proxi- 
mate mechanism is questionable. Similarly, resolving effects 
of thiosinamine on cicatrices, such as they may be, are dubious 
as to mode of action. 

Keratolytic_—The solvent action of salicylic acid on keratin 
produces therapeutic results unmatched by those of such chem- 
ically active agents as caustics or corrosive acids. 

“Colloidal.” —The nitritoid reaction following intravenous 
use of agents precipitable at the pH of blood plasma is ordinarily 
referred to a physical effect. Injection of large particles may 
cause thrombosis; experimental use has been made of this by 
Dawson (1930) as a convenient method of decerebration. 
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Hypertonic solutions, such as NaCl or glucose, or surface-active 
agents, such as Na morrhuate or other soaps, are used clinically 
to sclerose veins. Nerve block by alcohol injection is chiefly 
due to physical effects. 


Respiratory.—Effects of O, given at tensions above the 
normal partial pressure in the atmosphere are proximately 
mediated physically, since with normal alveolar function, 
hemoglobin becomes nearly completely converted to oxyhemo- 
globin under normal conditions. In the presence of pulmonary 
edema, increased tensions of O, will result in better diffusion 
through the alveolar fluid barrier. Helium, replacing N, in 
mixtures with O,, will permit better passage of gas around 
obstructions of the air-way (Barach, 1936). Certain reflex 
respiratory stimulants may also act physically. 

Narcotic.—Lipolytic anesthetic agents appear to act physi- 
cally, since their in vitro inhibitory metabolic effects are 
produced only by tensions several times greater than those 
effective in producing narcosis in the intact brain (Leake et al., 
1935); this is not invalidated by inhibitory effects noted in 
perfused preparations (Handley, 1941), since arteriovenous 
differences in O, tension in such preparations may not reflect 
brain metabolism alone. It is generally accepted that the lipo- 
lytic anesthetics are not metabolized; closed-circuit anesthesia 
may be maintained for long periods without addition of greater 
amounts of anesthetic agent than can be accounted for by loss 
through diffusion from the skin. Alcohol is slowly metabolized 
in the body, in contrast to its rapid physiologic effects. Bro- 
mide and magnesium ions probably act through physical means 
on cell membranes. Xe cannot act by other than proximately 
physical means to exert its anesthetic effect (Anderson, unpub- 
lished observations). N,O, as frequently used in dentistry and 
obstetrics, and N, in experimental neuropsychiatric studies 
(Himwich et al., 1938) certainly owe their major effects to the 
physical effect of producing acute anoxic anoxia. Challenging 
physical theories of narcosis have been proposed by Spiegel 
et al. (1938), and Burge (1938). No chemical theory of nar- 
cosis offers an explanation of the lack of anesthetic activity of 
cyanides and other enzyme inhibitors. 
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Peripheral nerve repair.—Prevention of neuroma formation 
at the ends of cut nerves by physical means has been demon- 
strated by Poth et al. (1945). The chemical agents used by 
these workers produce their physical effects secondarily, but it 
is possible that technical procedures involving purely physical 
agents would be as effective. 

Local anesthetic and refrigerant.—Cryoanesthesia produced 
with ethyl chloride is an accepted procedure in minor surgery. 
Local antipruritics are, in the main, agents which act physically. 
The alcohol rub is stimulant through its refrigerant action, 
cleansing and antipruritic through its solvent action, and pro- 
tective and antiseptic through its precipitating action. Cold 
cream is “cold” through evaporation of its high water content. 

Cathartic and antidiarrheic.—Saline, hydrophilic colloidal, 
and undigestible oily substances are among the most ancient 
members of the cathartic armamentarium, and are generally to 
be preferred to any agent acting through a chemical mechanism, 
with the possible exception of the emodin cathartics in some 
instances. Among the antidiarrheic substances, Bi salts are 
generally accepted as agents acting physically by coating the 
mucosa, but probably exert a significant chemical astringent 
action. Their slow solubility, rather than their insolubility, 
contributes to their physical action, therapeutically; paramecia 
are killed in a suspension of Bi subnitrate whenever they ap- 
proach with a certain distance of a particle of the drug (G. A. 
Emerson, unpublished observation). Antidiarrheic effects due 
to adsorption of toxic substances are useful clinically, as with 
pectin-agar (Winters and Tompkins, 1936) and probably Na 
ricinoleate (Schoenbaum and Moomaw, 1936). Most of the 
substances added to enemata act through physical means. Since 
bile salts act as hydrocholeretic agents, their use in the relief of 
congestive jaundice must be considered to be based on this 
physical effect. 

Effects on intestinal absorption.—Physical factors in moder- 
ating absorption of agents from the intestinal tract are lucidly 
discussed by Verzar and McDougall (1936). Facilitation of fat 
absorption by bile salts is due partly to physical peptization of 
small fat particles and to a physiochemical combination with 
lipoids at the cell membrane of intestinal mucosal cells, which 
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functions to increase diffusion into the cells by maintenance of 
a high concentration at the cell surface. Correction of the skew 
curve of oral toxicity of chaulmoogra oil by bile salts (Emerson, 
1937) is probably due to this latter mechanism. The role of 
mineral oil in producing avitaminoses is related to its solvent 
action on the fat-soluble vitamins. Conversely, the heightened 
oral toxicity of CCl, in the presence of fats in the intestinal 
tract depends on increased absorption in the presence of sol- 
vents; so also, with oleoresin of aspidium (P. K. Knoefel, per- 
sonal communication). In view of the impermeability of the 
stomach wall to water (Sleeth et al., 1937), rapid gastric ab- 
sorption of alcohol, paraldehyde and chloral hydrate is most 
simply referred to their physical properties. 

Mechanical irritation of serous membranes.—Mechanical 
peritonitis, pericarditis and pleurisy are of importance in sur- 
gery, where substitutes for talc have been proposed, and are of 
therapeutic value in supplying exogenic circulation to adjacent 
organs, as in certain cardiopathies. Anthracosis and asbestosis 
probably are due to physical effects; while silicosis may be 
chemically mediated, its prophylaxis with Al powder is probably 
physical. 

Antiseptic_—The surface-active agents, detergents, H,O, and 
alcohol are among the useful antiseptics. Even with the anti- 
biotics, the greater number act physically: lysozyme, tyro- 
thricin, gramicidin and subtilin are among the better known. 
Toothpastes are generally used as prophylactics and routine 
use is probably more effective than application of ammonium 
compounds or urea. The in vitro synergy of polysorbate 80 
with streptomycin against Mycobacterium tuberculosis hominis 
has been observed by us (Nash and Emerson, unpublished ob- 
servations), and even penicillin becomes an efficient tuberculo- 
static agent in the presence of this agent. Recognition of the 
relatively weak antiseptic effects of hexylresorcinol (ST37) 
did much to encourage development of the host of surface-active 
agents now available. 

Actions on blood-coagulation——The several foam prepara- 
tions available as hemostatics act physically. Absorbable gel- 
atin sponge USP XIV contains no added coagulants. Methyl 
cellulose is a useful hemostatic and packing material, as is oxi- 
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dized cellulose. The silicones are highly efficient as anti-coagu- 
lants in vitro, by preventing lysis of thrombocytes on contact 
with glass surfaces. 

Lethal.—Anuria following sulfonamide therapy is more com- 
monly due to physical occlusion of the renal tubules with ace- 
tylsulfonamides than to an allergic reaction of the kidney. De- 
velopment of sulfonamides with relatively soluble acetyl de- 
rivatives, and of mixtures of several sulfonamides, depends 
directly on this physical effect. The use of CaSO, admixed with 
flour, as a rodenticide, can be attributed only to a simple physi- 
cal property of this substance. 

Photodynamic sensitization.—The possibility of a direct ef- 
fect mediated physically by hematoporphyrin is suggested by 
Rask and Howell (1928): exposure to light of a turtle heart 
perfused with a solution of this substance causes arrest, but 
the perfusate is non-toxic to a second heart maintained in the 
dark. 

Cosmetic.—The proximately physical effects of cosmetics 
may evoke, after secondary chemical effects of their modifica- 
tions of reflected light on retinal pigments, the most profound 
psychosomatic results in man. 


Discussion 


The many examples of 1:1 correspondence of results of 
physical and chemical effects of drugs, and particularly the 
several instances of superiority of agents acting physically over 
available substitutes acting chemically, suggest that the present 
emphasis on pre-medical instruction in physics and on physical 
chemistry is not unjustified. One must agree with the statement 
of Krantz and Carr (1949) that, “A knowledge of pharmaco- 
dynamics is essential often as a basis of pharmacotherapy.” 
Neglect in teaching, then, of physical mechanisms of drug 
action must result in an appreciable loss of understanding of 
therapeutic measures, since, by the most conservative criteria, 
22.5% of some 750 dosage forms in the U. S. Pharmacopeia 
XIV comprise agents which act primarily due to their physical 
effects and 7% are pharmaceutical aids, most of which act 
physically. Similarly, of approximately 400 preparations in 
N. N. R. 1950, omitting all allergenic preparations, about 28% 
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have effects mediated physically and 1% is used as pharmaceu- 
tical aids. Implications of the remark of Helmholtz, “I look 
back upon my medical studies as the school which taught me, 
in a more penetrating and convincing way than any other, the 
eternal principles of scientific work, principles so simple 
yet continually forgotten, so clear and yet ever shrouded by 
a deceptive veil,’ should spur appreciation of the currently 
neglected physical phases of pharmacodynamics. 


Summary 


Examples are given of the multiplicity of physically mediated 
drug actions, and of their occasional superiority to chemical 
actions of alternate agents. The large number of agents acting 
physically, in official drug lists, is indicated, and their relative 
importance is stressed in regard to the need of emphasizing 
their modes of action in the teaching of pharmacodynamics. 
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INTRODUCTION 


The present decade has witnessed birth of the atom bomb 
and of methods for production of antibiotics on an industrial 
scale. Probably no developments within the last century in 
either the physico-chemical or the biologic sciences are more 
portentous than these two achievements. Between them they 
may well hold the key to the future of civilization. 

In the brief span of eight years since penicillin first became 
available commercially, nearly 10,000 scientific papers dealing 
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with various aspects of production, control, assay, and clinical 
use of antibiotics have been published, and there is no indica- 
tion of a lessening in the number of papers constantly emanat- 
ing from laboratories and clinics throughout the world. There 
is, however, a shift in their emphasis. At first, the majority 
of papers in this field dealt principally with problems of pro- 
duction, purification, chemical structure and _ identification, 
assaying, control, and description of new antibiotics. Gradually, 
as larger amounts of purer antibiotics have become available 
there has been a swing toward practical problems of critical 
clinical evaluation (and related subjects) and toward funda- 
mental study of the mechanisms of action of antibiotics on 
micro-organisms. More recently still, consideration has been 
given to the impact that antibiotics are having on our civiliza- 
tion (202). 

General treatments of antibiotics were published in book 
form in 1949 (80, 205). In addition, several reviews and 
symposia covering specific antibiotics or special aspects of the 
field have been published in the last two years. Pharmacology 
and toxicology (153, 179), chemistry (29, 35, 38), mechanisms 
of action (206, 210), and clinical applications (102) have all 
been reviewed in their broad aspects as they relate to antibio- 
tics; several other books or monographs have been devoted to 
specific antibiotics (2, 78, 127, 137, 138, 162, 270, 271). 

The present review deals principally with investigations of 
the mechanisms of antibiotic action on micro-organisms and 
their relations to trends that have developed in antibiotic chemo- 
therapy in the last two years. There is, however, sufficient ref- 
erence to earlier literature to connect the discussion with 
previously established facts. 

No attempt has been made to cite all the papers published 
during the period covered by this review; references are made 
to other reviews which are readily available and which we have 
attempted not to duplicate. Papers listed in the bibliography 
have been selected as bearing more specifically on the prob- 
lems discussed. ’ 


MECHANISMS OF ANTIBIOTIC ACTION 


The trend in researches on antibiotics is toward interpreta- 
tion of their mechanism of action in terms of interference with 
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some definite pathway essential in the metabolism of the in- 
fectious pathogen to be brought under control. The chemother- 
apeutic value of the clinically useful antibiotics is, in fact, due 
to their ability to block such a pathway, for which the patho- 
gen can find no substitute, at concentrations that do not inter- 
fere with the cell functions of the host. 


The wide variations in sensitivity of bacterial and other 
microbial species to the action of different antibiotics, which 
has been recognized for several years, recently was studied 
quantitatively by Finland and co-workers (70-72, 84, 85, 101, 
128, 278). The specificity of the antimicrobial spectra that 
characterize different antibiotics indicates varying degrees of 
cytochemical specificity and supports the view that at least the 
clinically useful antibiotics do not act as general protoplasmic 
poisons but rather as specific metabolite competitors or as spe- 
cific enzyme blocking agents in specific cellular reactions. 


According to this view, the sensitiveness of different species 
or strains of bacteria to a given antibiotic depends upon the 
degree of biochemical specialization in the organism, and 
pathogenic bacteria are amenable to chemotherapy because 
pathogenicity is correlated with restricted synthesizing ability, 
entailing dependence on metabolites from the host for rapid 
growth and for invasiveness. For example, penicillin-sensitive 
strains of Staphylococcus aureus depend on an external source 
of glutamic acid (90, 91) while penicillin-fast strains have the 
ability to biosynthesize glucamic acid. Partial loss of pathogen- 
icity tends to accompany development of penicillin fastness 
(91). Similarly, even though strains of Mycobacterium tuber- 
culosis may develop resistance to streptomycin while retaining 
enough pathogenicity to create a social danger, development 
of streptomycin-fastness is correlated with reduced invasiveness 
in vivo and reduced rate of growth in vitro (66). 


In further support of the idea that pathogenic strains of 
micro-organisms are ones that have lost the ability to synthe- 
size certain essential growth factors and so have become para- 
sitic, is the report that pathogenicity of Coccidioides immitis 
and of Torulopsis neoformans is correlated with inability to 
synthesize thiamine and to link thiazole to pyrimidine (54). 
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Despite the specificity of action of many antibiotics, it is 
likely that when all the scores are in it will be found that most 
antibiotics affect several processes or enzyme systems in sus- 
ceptible bacteria, although the major direct effect may be on 
one key system. 


The Action of Penicillin 


Penicillin as an Inhibitor of Nucleotide Catabolism.—Cyto- 
chemical studies of the mechanism of penicillin action in vitro 
led to the conclusion that penicillin exerts its bacteriostatic ac- 
tion by rendering some essential component(s) unavailable to 
the test organism more rapidly than the bacterial metabolism 
can restore the compound or compounds (56, 205-210). More 
specifically, there appears to be a certain threshold concentra- 
tion of penicilling which, on being reached, prevents the catab- 
olism of mononucleotides. Thus, the phosphate, ribose, and 
base constituting the mononucleotide remain tied up together 
and the micro-organism is deprived of the energy normally re- 
leased when the parent molecule is separated into its compo- 
nents. (For a review of the earlier experimental support for 
this view see Pratt and Dufrenoy 205, 210.) Further, evidence 
was presented that failure of mononucleotides to be dephos- 
phorylated in the presence of penicillin is due to inhibition of 
an alkaline phosphatase which acts as a mononucleotidase 
(56). Being thus deprived of the free base which plays a role 
in poising the rH at a level where —SH groups of essential 
donors can be maintained in equilibrium with the disulfide 
(S-S) form, the cells undergo the sequence of cytochemical 
and cytological changes described previously and entailing 
notably loss of positive response for -SH and other reducing 
groups. 

In the light of recent research it can be understood why the 
loss of reducing activity involves lysis and loss of Gram- 
positiveness. Jones et al. (133) have shown that the proteolytic 
enzymes of the lytic system in staphylococci are inhibited by 
reducing agents, especially those involving —SH compounds, 
but are active under oxidizing conditions. This may explain 
also why lysis is less evident in cells exposed to penicillin under 
anaerobic conditions than in cells exposed aerobically. Yamada 




















80 Pratt and Dufrenoy 


and Yanagita (288) have emphasized that it is the onset of the 
lytic process and not the process itself that is halted by anaero- 
biosis, and that it is the onset of the lytic processes induced by 
penicillin that is dependent on access to oxygen. According to 
them, once the phenomenon oy lysis has started, it may con- 
tinue, although at a diminished rate, under partially reduced 
oxygen tension. 

Our interpretation of the mechanism of action of penicillin, 
as involving a threshold concentration which on being reached 
or exceeded in the medium makes some essential constituent in 
the cells unavailable faster than it can be restituted, appears to 
receive confirmation from recent investigations employing 
radio-active benzyl penicillin. Maas and Johnson (166) con- 
cluded that the lowest bacteriostatic concentration of penicillin 
is the one at which blocking of a “penicillin-binding component” 
occurs slightly more rapidly than its synthesis. These authors 
concur with earlier investigators (36, 90, 167, 176, 177, 191, 
192, 199, 200, 206, 207, 210) that penicillin inhibits some re- 
action essential for cell division but not for respiration or 
synthesis of most of the cell components. 

Penicillin-sensitive, i.e., Gram-positive, bacteria and Neis- 
serias embody a large fraction of phosphorus in the form of 
an ester. They differ in this respect from penicillin-insensi- 
tive species (177). Penicillin is surmised to inhibit sensitive 
organisms by preventing synthesis of this ester. These recent 
results appear to confirm and clarify our own conclusions to the 
effect that penicillin, due to its interference with hydrogen 
and phosphate transfer, favors depletion of some essential 
constituent in the test organism. j 

Further research is needed to correlate inhibition of synthesis 
of this phosphoric ester with inhibition of alkaline phosphatase, 
which we have found to be one of the first evident effects of 
penicillin action on susceptible bacteria (56). 


Alkaline phosphatase is made up of a metal-protein complex 
and among the divalent ions which may be involved in the com- 
plex is Cot + (221), the profound effect of which on the action 
of penicillin in vitro and in vivo has been reported (207, 211, 
250). The interaction of Co with penicillin in bacteria may 
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be due, in part, to the effect of Co as an “effector” of alkaline 
phosphatase. 

Likewise, the significance of -SH groups in the mechanism 
of action of penicillin may arise from the ability of -SH com- 
pounds to form complexes with the metals, thus activating or 
inactivating alkaline phosphatase. depending upon the concen- 
tration. 

Phosphatases, as well as dehydrogenases, are most active in 
the early part of the log phase of growth. This may be corre- 
lated with the generally recognized fact that penicillin (and 
many other antibiotics) is most effective against bacteria in the 
logarithmic phase of growth. This is consistent with current 
knowledge of bacterial cytochemistry and with the view that 
one of the primary effects of penicillin on bacteria is interfer- 
ence with nucleotide catabolism. 

Following introduction of a suspension of bacteria into fresh 
nutrient media, there is a period, the so-called lag phase, during 
which each germ proliferates slowly, forming a micro-colony 
composed of a few organisms. From the cytochemical point of 
view, the lag phase may be considered as a period during which 
the micro-organisms grow slowly, but actively synthesize ribo- 
nucleic acid (as indicated by affinity for basic dyes) and, pre- 
sumably, various growth factors, such as indole acetic acid, 
pantothenic acid, etc. (183). When the necessary concentra- 
tion of essential constituents and growth factors has been 
reached in the cells, the micro-organisms enter the log phase 
which is characterized by active functioning of dehydrogenases 
and oxidases, rapid absorption of O, and concomitant evolu- 
tion of CO,, and rapid multiplication. During the log phase, 
continued activity depends largely on continuous dephosphory- 
lation of mononucleotides, a process that contributes to the wel- 
fare of the organisms as outlined before. Thus penicillin and 
other antibiotics which do not interfere with ribonucleic acid 
biosynthesis but do interfere with its dephosphorylation have 
relatively little effect on micro-organisms in the lag phase but 





‘Recently, the suggestion has been made that the physiologic functioning 
of chemical growth regulating substances in higher plants is effected 
through mediation of nucleic acids (216). A similar relation may exist in 
bacteria. The bacteriostatic activity of pterigospermin (isolated from species 
of Moringa) is said to be enhanced by the presence of nucleic acid (216). 
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are rapidly injurious to those in the logarithmic phase of their 
cycle.* These conclusions regarding the relation between peni- 
cillin and nucleotide metabolism in bacteria have been con- 
firmed recently by other investigators (176, 177, 198). The 
specificity of the effect of penicillin on dephosphorylation of 
mononucleotides has been emphasized by Gros et al. (105, 
106) who reported that penicillin inhibits dephosphorylation 
of guanylic acid and splitting of guanisine into guanine + 
ribose but does not affect dephosphorylation of adenylic acid. 

With regard to the role of nucleic acid derivatives in peni- 
cillin action, it is noteworthy that addition of Mg-ribonucleate 
(96) or of yeast extract (37), which is a rich source of nucle- 
otides, to culture media tends to reverse inhibition of staphy- 
lococci by penicillin. 

Swelling and other morphologic distortions and accumulation 
of large granules within the cells have long been recognized 
as common symptoms in bacteria exposed to bacteriostatic con- 
centrations of penicillin and certain other antibiotics. Pratt and 
Dufrenoy (206) have reviewed the literature on this subject 
and confirmation and extension of the earlier reports continue 
to appear (48-51, 79, 82, 123, 157, 261-264, 273). Penicillin, 
as well as other antibiotics and chemical agents, may induce 
development of L-type colonies and of large swollen bacteria 
(48-51, 79). Frequently the large swollen organisms eventu- 
ally break down into fine filterable particles similar to those 
resulting from the action of bacteriophage on susceptible or- 
ganisms (112, 263, 264). 

The large bodies that accumulate within the organisms have 
been interpreted, on the basis of staining reactions, as being of 
two types, namely, desoxyribonucleic derivatives which give a 
positive Feulgen reaction, stain with methyl green, and repre- 
sent the equivalent of nuclear material; and ribonucleic de- 
rivatives which do not give a positive Feulgen reaction but do 
stain intensely with toluidine blue (210) and which are hydro- 
lyzed by ribonuclease or by solutions of hydrochloric or of 
perchloric acid. Among such inclusions are those which have 





2Some antibiotics apparently are most effective in prolonging the lag 
phase, i.e., in preventing the organisms from entering the logarithmic 
phase, but once the log phase has been reached are relatively ineffective. 
Nisin, biosynthesized by Streptococcus lactis, is such an agent (124). 
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been described as “volutin” grains (186) and which have been 
reported to be composed of a calcium salt of ribonucleic acid 
(284).° Eventually, these large bodies break down, leaving 
a cloud of corpuscles which are barely perceptible with the oil 
immersion lens. 


Until recently, identification of the nuclear material in 
bacteria was based on identification of desoxyribonucleic acid 
constituents on the basis of resistance to hydrolysis by HCl, 
resistance to the action of ribonuclease, and a positive reaction 
to Feulgen’s stain. Perfection of phase microscopy has made it 
possible to observe directly, without recourse to stains, the 
various stages of “nuclear division” in living bacteria (262) 
and the effects thereon of various antibiotics (79, 123, 279). 


Comparison of the cytology of bacteria as revealed by or- 
dinary microscopy after staining and as revealed by electron- 
microscopy, showed in many types of bacteria inclusions which 
are very evident in electron photomicrographs and which have 
the property of staining only in the presence of such “mordants” 
as carbolic acid, acetic acid, lactic acid, etc. (146). We have 
repeatedly emphasized the importance of such inclusions, which 
stain with the carbolic acid-acetic acid solutions of trypan blue, 
as cytlogic manifestations of bacteriostasis induced by penicillin, 
polymyxin, and other chemotherapeutic agents (with the 
notable exception of streptomycin). 


Penicillin as a Competitor of Glutathione-—Consideration of 
the analogy between the molecular structure of glutathione and 
penicillin suggested that competition between the two com- 
pounds is involved in the antibacterial action of penicillin 
(75, 205), a view which subsequently has been clarified 
by experimental evidence from cytochemical studies (209) 
and recently confirmed biochemically (111). The tripeptide, 
y-glutamyl-cysteinyl-glycine, is an important constituent of ac- 
tively growing cells and of actively growing bacteria (18, 226). 
It is now recognized as an intermediate between amino acids 
and proteins. 





8Similar ribonucleic acid derivatives accumulate also within Sterigma- 
tocystis nigra when its growth is checked by appropriate drugs (26, 94). 
It has been suggested that these ribonucleate particles may be precursors 
of Spiegleman’s plasmogene-enzyme. 
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Sensitive organisms growing on nutrient agar and exposed to 
a field of diffusion of penicillin undergo an initial stimulation, 
evidenced notably by increased positive response for —SH 
groups. Then as soon as a “threshold” concentration of peni- 
cillin is reached no color reaction for -SH groups can be ob- 
tained any longer and concomitantly dehydrogenases and al- 
kaline phosphatase cease their activity. These cytochemical 
observations may now be interpreted in terms of the biochemi- 
cal studies (111, 140), correlating the biological action of 
penicillin with prevention of resynthesis of glutathione from its 
breakdown products. These products normally appear through 
enzymatic splitting of the y-glutamyl linkage which yields 
glutamic acid and leaves the cysteinyl-glycine residue amenable 
to hydrolysis which yields glycine and cysteine. 

Such cysteine as may be liberated is exposed to competitive 
combination by penicillin and is no longer available for bio- 
synthesis. Not only may penicillin block the reutilization of 
the cysteine residue; it may also be assumed to interfere 
with the y-glutamy] transfer reactions which normally play an 
important role in biosynthesis of proteins (187). 


Under the influence of bacteriostatic concentrations of peni- 
cillin, sensitive organisms become unable to maintain the proper 
redox potential and to retain their phosphorylated and —SH 
compounds which leach out of the cells into the surrounding 
medium (148). This penicillin-glutathione relationship is mani- 
fest not only in the bacterial metabolism, but is reflected 
clinically in changes in the glutathione content of the blood of 
patients during treatment with penicillin (184). Indirect 
evidence accrued also from Gale’s report that penicillin prevents 
intake by sensitive test organisms of glutamic acid, which is an 
essential metabolite for them and which is one of the amino 
acids embodied in glutathione. Moreover, organisms inhibited 
by penicillin are unable to utilize glycine (8, 234), which is 
embodied in the glutamy] residue of glutathione and which also 
is a precursor of serine, the d and / forms of which contribute to 
the make-up of the penicillin molecule. Circumstantial evidence 
of the involvement of glutathione in the life process of bacteria 
is found also in the fact that cysteine or glutathione specif- 
ically and competitively reverse the bacteriostatic action of 
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p-sulfamethyl-thiophenol on Escherichia coli and on Shigella 
flexneri. 

An interesting side light on the relation of -SH “-—, S-S 
equilibria and antibiotic action is afforded by the correlation 
between affinity of water soluble substances for wool and their 
bactericidal activity (229). Substances which have a high 
affinity for wool (presumably correlated with presence of di- 
sulfide groups) often are efficient bacteriostatic agents against 
Staphylococcus aureus and Bacillus paraty phii. 


THE ACTION OF STREPTOMYCIN 


Various theories have been proposed to account for the anti- 
bacterial action of streptomycin. Before discussing these, how- 
ever, it would be well to point out two important respects in 
which streptomycin differs from penicillin in its mode of action. 

First, both antibiotics interfere with catabolism of nucleo- 
tides, but at different links in the chain of reactions which 
normally ends in dephosphorylation and ultimate release of 
energy, phosphate, and a base capable of poising the redox 
potential at a level compatible with normal growth and other 
biochemical functions. Penicillin blocks the last step in the 
series, i.e., dephosphorylation of monucleotides. Stretomycin, 
on the other hand, impedes principally an earlier reaction in 
the series, namely, the step in which nucleotide aggregates or 
macromolecules are depolymerized into smaller units. Second, 
although streptomycin is most effective against susceptible or- 
ganisms in the logarithmic phase of growth, it has been reported 
that it also exerts an appreciable and significant effect against 
those in a resting state (12, 17, 76, 77, 95, 115, 282). 

Streptomycin as an Inhibitor of Oxidase and of Ribonucleic 
Acid Catabolism.—Streptomycin inhibits the ability of Clos- 
tridium sporogenes to effect the following coupled deamination 
of alanine and glycine 


CH,CH(NH,)COOH + 2 CH,(NH,)COOH + H.O 
——> 3 NH, + 3 CH,COOH + CO, 


which has led to the suggestion that the antibiotic blocks the 
transfer of H without, however, affecting the dehydrogenase 
that effects dehydrogenation of the H donor (106). According 
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to other reports (290) streptomycin (or dihydrostreptomycin) 
inhibits the diamine oxidase of sensitive strains of Mycobac- 
terium smegmatis and inhibits the ability of Escherichia coli to 
effect the oxalacetate-pyruvate condensation (194). 

The uptake of O, by E. coli is much greater when both oxal- 
acetate and pyruvate are present than when either is present 
alone. Since the mixture of oxalacetate + pyruvate is rapidly 
hydrogenated to a mixture of acetate, furmarate, and malate, 
it was to be expected and was shown experimentally (32, 194) 
that malate itself promotes the rapid uptake of O,. Strepto- 
mycin, however, blocks rapid O, uptake (116), even in the 
presence of normally adequate amounts of these substances 
(194). The fact that the oxalacetate “—, malate “—, fuma- 
rate “—, succinate reactions are not inhibited by the anti- 
biotic has led to the suggestion (194) that streptomycin blocks 
reaction A in the following scheme of the terminal respiration 
of E. coli and that inhibition of the “oxalacetate-pyruvate 
condensation prevents a variety of substances from entering 
the terminal respiration system.” 


Pyruvate ——>— ACETATE ae: 

Condensation products oxidized 

{| > bya cyclic process resembling 
the Citric Acid Cycle 





wes § TATE | 
MALATE SUCCINATE 
-”~Y y 
FUMARATE 


As would be expected from the above, streptomycin also 
markedly inhibits utilization of various carbohydrate substrates. 
This is true of resting bacteria (115) as well as of those actively 
multiplying (116). Concomitant with this there is a decrease 
in total nitrogen and phosphorus content of the cells but an 
apparent increase in total reducing substances (116) which 
may be interpreted as resulting from blocking of oxidative 
enzymes. 

Smith et al. (236) reported that “Resistant and dependent 
variants of the streptomycin-sensitive Escherichia coli do not 
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possess the ability to effect the oxalacetate-pyruvate conden- 
sation in detectable amount.” The rapidity and frequency 
with which E. coli develops resistance to streptomycin is well 
known. Thus, it appears that the organisms can readily “learn” 
to dispense with this reaction and to develop alternate bio- 
chemical pathways. 

The oxalacetate-pyruvate condensation is also blocked by 
streptomycin in homogenates of animal tissues although not in 
the intact animal cell (265). The efficiency of streptomycin 
toward diverse bacteria as contrasted to inocuity toward cellular 
structures may result from organization in the latter of oxi- 
dative and phosphorylating systems into specific cytochemical 
structures (mitochondria) which are lacking in bacteria. 

Streptomycin impedes also complete oxidative breakdown of 
higher fatty acids by Mycobacterium tuberculosis (193). Ap- 
parently it is oxidation of the breakdown products rather than 
of the chain itself that is inhibited. Similar oxidation reactions 
are not inhibited by streptomycin in resistant strains of 
Mycobacterium derived from the original sensitive strain (193). 

Cytochemical studies show that streptomycin, at bacterio- 
static concentration, first causes the accumulation of ribonucleic 
acid materials (staining blue with toluidine blue or with 
pyronon) and then causes these compounds to be lost to the 
surrounding medium. As the ribonucleic constituents leach out, 
the desoxyribonucleic constituents (staining with methyl 
green) become more easily demonstrated in the inhibited test 
organisms. 

Streptomycin is thus shown to inhibit catabolism of phos- 
phorylated compounds, a process which, in E. coli, normally is 
involved in utilization of acetoacetic acid through a reaction 
chain in which adenosintriphosphatase splits ATP into ADP 
* and inorganic phosphate, thus releasing the energy required 
for phosphorylation of acetoacetic acid into enolophosphate 
which then either may be split into acetylphosphate plus acetic 
acid or may undergo oxidative decarboxylation to yield pyruvic 
acid (32). 

The contrast between the mechanism of action of penicillin 
and streptomycin can be shown easily by use of freshly pre- 
pared Thydi reagent (a mixture of p-phenylenediamine solu- 
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tion and an alkaline solution of thymol). When exposed to 
the air, this mixture turns blue as indophenol blue forms. The 
reaction is catalyzed by indophenol blue oxidase, or diamine 
oxidase. On penicillin assay plates flooded with the Thydi 
reagent, indophenol blue forms rapidly in the inhibition zones 
(the sites at which dehydrogenase activity has been impaired) 
and only slowly, and indistinctly, in the general background 
of the plate where the bacteria have not been inhibited. Upon 
similar treatment of streptomycin assay plates, however, an 
intense blue color develops in the uninhibited background and 
the reaction proceeds only slowly and indistinctly, if at all, in 
the inhibition zones which are areas where the bacterial oxi- 
dases have been inhibited (57). These results, obtained on 
assay plates, seem to confirm Zeller’s observation (290) that 
streptomycin inhibits diamine oxidase in living bacteria, and 
they are compatible with the report that streptomycin inhibits 
deamination of amino acids (106). 


Interaction of Streptomycin and Fatty Acids.—Various fatty 
acids in Mycobacteria may play an important role in the anti- 
tubercular action of streptomycin. Mycobacteria contain alpha 
and beta mycolic acids which are linked by their carboxyl 
groups to a carbohydrate. In addition, virulent Mycobacteria 
contain a complex embodying a nitrogen fraction (composed 
mostly of alanine, glutamic acid, and alpha diaminopimelic 
acid), a phosphorylated fraction, and a liposaccharide, and 
stain a deep red when immersed in an alkaline solution of neu- 
tral red (51). Avirulent Mycobacteria lack this complex, or 
contain only traces of it, and become yellow when placed in 
solutions of neutral red (6). This may account also for the 
differential staining with other dyes (11) and explains the 
differential staining of virulent and avirulent strains of Myco- 
bacteria reported by Dubos and Sutter (55), who showed in ° 
addition that virulent bacteria treated with long chain fatty 
acids irreversibly lose the ability to bind neutral red. The 
significance of the acids embodied in acid-fast bacteria in the 
interaction between the bacterial cells and streptomycin may 
be inferred from in vitro experiments showing that streptomy- 
cin, which normally is strongly hydrophilic, can be rendered 
preferentially soluble in organic solvents by suitable “carriers.” 
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The most efficient “carriers” are acids that are able to react 
with the guanidine groups of streptomycin and that embody a 
carbon chain long enough to foster solubility in organic solvents. 

On the basis of animal protection studies it appears that 
streptomycin may not act per se against the tuberculosis organ- 
ism in vivo as it does in vitro, i.e., by retaring growth upon 
direct contact with the germs, but that it protects the test ani- 
mals through some intermediate mechanism involving host re- 
actions (39, 132). This is in agreement with Levaditi’s con- 
clusions (154~-156). Corper and Cohn (39) showed that when 
25 mg. of streptomycin were injected daily for the first three 
days after inoculation mortality was as high and as rapid as 
when no streptomycin was administered, but that survival 
time was increased about sixty per cent when the same quantity 
of antibiotic was given from the sixth to tenth days. Survival 
time was doubled when streptomycin therapy was started on the 
eleventh day and continued to the fifteenth day after inocula- 
tion. 

It appears as though streptomycin induces an unstable equi- 
librium between the Mycobacteria and the host. The equi- 
hbrium does not persist long after chemotherapy is discon- 
tinued. Levaditi (156) administered sufficient streptomycin, 
over a period of seventy-one days, to effect apparent cures in 
55 per cent of mice experimentally infected with tuberculosis, 
but when chemotherapy was discontinued 80 per cent of the 
survivors died in the second month after treatment was termi- 
nated. Dangerous as these post-theapeutic regressions may be 
after streptomycin therapy, they are even more rapid and more 
frequent following treatment with PAS alone or with TBi 
alone. 

An interesting recent development that relates to the chemo- 
therapeutic use of streptomycin and that may have a bearing 
on its mechanism of antibacterial action is concerned with the 
physical properties of streptomycin in solution and with the 
physico-chemical reactions of the antibiotic with various con- 
stituents of tissues or of test organisms. 

Solomides (241, 242) stressed that a concentrated solution 
(10 per cent) of streptomycin in water embodies “hypercative | 
forms.” Presumably, these “hyperactive forms” are polymers. 

















90 Pratt and Dufrenoy 


Dilution of the concentrated solution in water results in de- 
polymerization; dilution in serum or in Dubos’ medium pro- 
tects the polymers. This phenomenon may be important clin- 
ically, since according to the reports the concentrated stock 
solution diluted 1:10"! in serum or in Dubos’ medium retains 
its bacteriostatic activity, whereas the same stock solution was 
inactive when diluted 1:10° in water. A similar phenomenon 
was observed with solutions of PAS (243). 

Streptomycin is known to form complexes, perhaps poly- 
meric, with ribonucleic acids and with various phospho-amino 
lipids. The mechanism of action of streptomycin on sensitive 
Staphylococcus aureus or Escherichia coli may be interpreted 
cytochemically as a blocking of the utilization of ribonucleic 
reserves in the organisms, perhaps, in part at least, through for- 
mation of polymeric complexes. See French (86) for a sche- 
matic representation of streptomycin-nucleic acid interaction. 

It has been observed also that streptomycin agglutinates 
rough forms but not smooth forms of Staphylococcus aureus 
and of Escherichia coli. A similar phenomenon has been ob- 
served with polymyxin (151). Although the significance of 
this observation, from the standpoint of mechanism of action, 
is not clear, it is undoubtedly related to the fact that the rough 
strains contain no O antigen while the smooth strains do carry 
the O antigen. 

In this connection, it is noteworthy that recent evidence sug- 
gests that the ability of some enterococci to inactivate strepto- 
mycin is not due to an enzyme, “‘streptomycinase,” as formerly 
supposed, but instead to a nucleoprotein which precipitates the 
antibiotic (223). 


The Action of Chloramphenicol 


Chloramphenicol as an Inhibitor of Esterases—Among the 
most efficient antibiotics, some, such as penicillin, do not affect 
the building up of reserves during the lag phase but make it 
impossible for the organisms to use those reserves for rapid mul- 
tiplication during the log phase. 

Chloramphenicol, on the other hand, affects either or both 
phases of the developmental cycle, depending on the concen- 
tration. At sufficiently low concentrations, chloramphenicol 
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markedly prolongs (in some instances doubles) the duration 
of the lag phase in susceptible micro-organisms (172). Higher 
concentrations not only prolong the lag phase, but also decrease 
the ultimate density of population in the culture. 

The activity of various proteolytic enzymes in vitro seems 
to be unaffected by chloramphenicol (237); but there is close 
agreement between the effects of different concentrations of 
chloramphenicol on the growth and on the esterase activity of 
Escherichia coli. This suggests that a major effect of the anti- 
biotic is to inhibit hydrolysis and synthesis of fatty acid esters 
(238). 

Although the activity of bacterial esterases (E. coli) is in- 
hibited by therapeutic concentrations of chloramphenicol and 
is somewhat stimulated by lower concenirations, the antibiotic 
appears to have much less effect on the comparable enzymes 
of mitochondria or of the intact animal cells (237), emphasiz- 
ing once more the fact that cytochemical organization is of 
fundamental importance in determining selective cytotoxicity. 

Results of our own experiments (unpublished) suggest that 
chloramphenicol is similar to penicillin in its gross effect on 
nucleotide catabolism. That is to say, there is a marked ac- 
cumulation of mononucleotides in cells inhibited by either 
chloramphenicol or penicillin. It is not possible to state at 
present whether these similar end results are brought about 
through the same or different mechanisms. 

Stereochemical Relationships——Two parts of the chloram- 
phenicol molecule appear to be necessary for its antibiotic ac- 
tion. These are the D (-—) threo optical configuration in the 
side chain and the para nitro group on the pheny! ring. 

Of the several isomers of chloramphenicol that have been 
synthesized, only the one embodying the D (—) threo configura- 
tion, which coincides with the naturally biosynthesized product 
and which may be considered to embody an analogue of D- 
serine, is antibiotically active. The relationship between the 
D (—) threo portion of the chloramphenicol molecule and D- 
serine is shown below: 


NHCOCHCL 4H NH 
4“ N\ua il "4 - 
2N -C—C—CH20H H—-C— C—CO2H 
\ a Se | 4H 
= OH OH 


CHLORAMPHENICOL D-seRine 
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D (-) threo-«, «-dichloro-N- 
[B-hydroxy- « -(hydroxymethy]) - 
p-nitrophenylethy] |-acetamide 


D-serine and chloramphenicol each prolong markedly the 
lag phase of Escherichia coli: approximately the same degree 
of prolongation occurs at a serine concentration of 200 mg. 
per L. or at a chloramphenicol concentration of 0.5 mg. per 
L. (172). The two agents act additively when used together so 
that they prolong indefinitely the lag phase, thereby prohibit- 
ing initiation of the log phase. Mentzer’s bacteriologic results 
(172) indicate that chloramphenicol belongs, biologically, in 
the D- serine group of compounds; thus supporting earlier 
chemical evidence (42). 

Another essential part of the chloramphenicol molecule is 
the nitro group in para position on the phenyl ring. Chloram- 
phenicol, apparently the first naturally occurring para-nitro- 
phenyl compound to be isolated, is unique in its lack of toxicity 
for warm blooded animals.‘ 

The dependence of marked antibiotic activity of chloram- 
phenicol on the nitro group in the para position is shown by the 
lack of such activity in analogues bearing a nitro group in 
other positions (31) and by the inactivation of chloramphenicol 
following electro-chemical reduction of the NO, group in vitro 
(118) or enzymatic reduction in vivo (226). This suggested to 
Santi (226) that the antibiotic activity of chloramphenicol op- 
erates by shifting the redox potential of the test organisms 
according to the scheme R-NO.—R-NO’=,R-NHO/=_RNH. 
OH’=/R-NH.. 


The Action of Aureomycin 


In contrast with penicillin which blocks the utilization 
of ribonucleic acids by interfering with dephosphorylation 
mechanisms but does not interfere with phosphorylation proc- 
esses involved in ribonucleic acid biosynthesis, aureomycin, 
at least in sufficiently high concentrations, has been reported 
to inhibit aerobic phosphorylation (164). It induces this change 





4A number of synthetic para-nitro-phenyl compounds have been pre- 
pared and used as insecticides. Most of these are highly toxic for other 
animals and their use as pesticides is fraught with much danger. 
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in metabolism without impairing oxidation, thus effecting a dis- 
sociation of oxidative and phosphorylation processes (164). In 
this respect, aureomycin resembles dinitrophenol and gram- 
icidin (254). 

Aureomycin either stimulates or depresses the growth of 
animal tissues depending on the concentration. Fed to rats at 
a concentration of 1.6 mg. per 100 grams of body weight per 
day for 2 or 3 weeks, aureomycin tends to accelerate the de- 
velopment of tumor tissues grafted into the animals; but higher 
doses (8 mg./100 gm.) may cause regression of the tumor 
(240). 

Aureomycin, added to a basal diet, increases the rate of 
growth of the rat itself, presumably through some interaction 
with vitamin B,, (246). Similar results have been obtained 
with other mammals (134) and poultry (248, 281) and with 
other antibiotics, notably terramycin and streptomycin (182, 
246, 281), which when administered orally modify the micro- 
flora of the intestine. 

The ability of aureomycin to block phosphorylation processes, 
the site of which in cellular tissues is in the mitochondria, may 
account for the effectiveness in vivo of aureomycin against 
pathogenic viruses, since it is generally recognized that these 
agents are composed of nucleo-proteins and it is thought that 
they are intimately associated with phosphorylation processes 
carried on in the cells of the host. 


The Action of Terramycin*® 


The response of Escherichia coli to terramycin has been in- 
vestigated in vitro (57) using the methods described by Dufre- 
noy and Pratt for studying the effects of graded concentrations 
of antibiotics on uniform cultures of bacteria (56, 205). At 
subbacteriostatic concentrations just below the threshold for 
inhibition, after two to four hours at 38° C., the bacteria be- 
come distorted, forming long slender threads with terminal, 
somewhat bulbous swellings but evidence no apparent cyto- 
chemical changes. The bacteria stain uniformly with toluidine 
blue, indicating an abundance of ribonucleic acid derivatives. 





5Clinical, chemical, and biological data on streptomycin have been reported 
by several investigators (23, 24, 114, 117, 139, 141, 170, 197, 268, 276, 280). 
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At slightly higher concentrations, in the inhibitory range, the 
elongated bacteria show irregular swellings and lose the ability 
to stain uniformly throughout with toluidine blue as their 
ribonucleic constituents are released into the surrounding 
medium. Instead, they present a stippled appearance with a 
few stained particles scattered along the length of the thread 
but mostly concentrated in terminal or lateral swellings. Use 
of the Pappenheim stain shows decreasing ability to absorb 
pyronin and, correlatively, increasing adsorption of methyl 
green. 

At still higher concentrations of terramycin, near the cylin- 
der from which the antibiotic is diffusing, the few remaining 
bacteria appear as “ghosts” which do not stain with toluidine 
blue or with the pyronin component of Pappenheim’s stain. 
Usually, most or all of the stainable material appears as clouds 
of particles in the surrounding medium, indicating that the 
ribo- and desoxyribonucleic components have leached out of the 
organisms. These tests on Escherichia coli suggest that, at con- 
centrations in the inhibitory range, terramycin blocks utiliza- 
tion of ribonucleic reserves and induces their loss to the sur- 
rounding medium, mostly after they have been deploymerized 
to mononucleotides. 


DEVELOPMENT OF RESISTANT STRAINS 


Statistical studies in various institutions have suggested that, 
since the advent of antibiotic therapy there have been develop- 
ing increasing frequencies of micro-organisms able to thrive in 
the presence of high concentrations of penicillin or streptomycin 
(70, 169). 

How strains of micro-organisms resistant to a given antibio- 
tic emerge from initially sensitive ones following a period of 
exposure to the drug remains a controversial matter. Mutation, 
natural selection, and adaptation have all been proposed as the 
means by which resistant strains arise: each may be an im- 
portant factor under different circumstances or in different 
organisms, a view that is shared by Linz (160). 

Demerec (44, 45) and Mills (175) reported that the degree 
of resistance to penicillin is an exponential function of the num- 
ber of passages through media containing sublethal concentra- 
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tions of the antibiotic. Demerec concluded that a number of 
equally sensitive genes are involved in a series of successive 
mutations. One might question whether the mutation theory 
alone explains all phenomena concerned with development of 
resistance under the influence of an antibiotic and its eventual 
partial reversal in vitro in media lacking the antibiotic (25) or 
in vivo when antibiotic therapy is discontinued (110). It would 
be highly coincidental if reverse mutations involving the same 
gene-like material were to occur. 

Consideration of the relationships in a microbiological popu- 
lation (203) suggests that natural selection may play an im- 
portant part. It is now generally agreed that a population of 
bacteria is made up of a large number of individuals sensitive 
to a given concentration of an antibiotic, with a few individuals 
which are resistant and which can be suppressed only, if at all, 
by considerably higher concentrations. Resistant members of 
the population frequently are characterized by lower rates of 
respiration and metabolism than the typical members of the 
culture. Generally, this has been accepted as an adequate 
explanation for their lack of sensitiveness, since it has been 
established that, in some species that are subject to inhibition by 
penicillin, there is a direct correlation between effectiveness of 
the antibiotic and rate of metabolism. This may explain the 
partial indifference of individual bacteria with lower metabolic 
rates to a given antibiotic; but it does not explain why their 
metabolism is lower. 

Sometimes the slower growing cells are capable of growing 
and reproducing rapidly when removed from the presence of 
their more active neighbors. This suggests that normally they 
may be under the influence of their more active competitors 
and that when the active cells are suppressed, as by addition of 
a suitable antibiotic, the more sluggish individuals have an 
opportunity to become dominant (277), perhaps because they 
make use of lysis products from their dead neighbors, a view 
that is shared by Fasquelle (69). Various nucleotides and other 
constituents released from the lysed cells may serve as growth 
factors for the less active survivors. For example, development 
of resistance is most rapid when an inoculum is seeded in broth 
containing a concentration of antibiotic that causes bacteriolysis 
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of a large proportion of the test organisms. Conversely, cultur- 
ing a penicillin-resistant isolate of Staphylococcus aureus in a 
nutritionally poor synthetic medium rapidly induces lowering 
of resistance to the antibiotic (69). 

Eriksen (68), discussing Demerec’s conclusion (44) that 
penicillin-resistance originates through spontaneous mutation, 
re-evaluated Demerec’s data. Eriksen’s experiments emphasize 
the importance of the density of the bacterial population in a 
suspension in relation to development of resistance to penicillin. 
Interpreted in the light of Fasquelle’s work (69) mentioned 
above, the density of population may be important in deter- 
mining development of resistant survivors inasmuch as density 
of population is related to the amount of bacteriolytic products 
released by the dying organisms and thereby made available 
to the survivors. 

A similar conclusion may be drawn from the study of factors 
influencing incidence of biochemical mutants in luminous 
bacteria (174). In both cases, the frequency of forms differing 
biochemically from the original strain varies inversely with 
the density of population. 

The hypothesis that normally the slow growing variants in 
a bacterial population are inhibited by some influence exercised 
by the active members and that they can “express themselves” 
only when the more active members are suppressed (as by 
addition of an aniibiotic) is consistent with comparative bio- 
chemical data on strains of Escherichia coli, Shigella spp., and 
Mycobacterium tuberculosis that are susceptible and that are 
resistant to the action of streptomycin and on penicillin-sensi- 
tive and penicillin-resistant Staphylococcus aureus. 

Vortunately, clinical experience indicates that development 
of venicillin-resistance does not occur as commonly in vivo as 
it «loes in vitro, possibly because acquisition of resistance to 
penicillin is achieved at the expense of aggressiveness, or at 
least at the price of loss of ability to multiply rapidly (51, 66). 

None-the-less, evidence is accumulating that penicillin-re- 
sistant Staphylococci which occur commonly in the nasal 
cavities of many carriers, notably among the nurses or staff of 
hospitals, may be a serious cause of staphylococcal infections 
for patients admitted to hospitals (10). 
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Fortunately, there appears to be an inverse relation between 
acquired resistance to penicillin and susceptibility to bacitracin, 
in spite of the general similarity of the biologic spectra of the 
two antibiotics (249). ; 

Demerec (44, 45) called genes into play to explain the regular 
increments of resistance to penicillin in micro-organisms trans- 
ferred daily to media containing increasing concentrations of 
the antibiotic. Likewise, he interprets the erratic response of 
micro-organisms subcultured to media progressively enriched 
with streptomycin as due to the action of genes. When 
organisms are subcultured periodically in media containing 
increasing concentrations of streptomycin, resistance may in- 
crease much or little in a single sub-culture, depending on a 
number of factors that still remain undetermined. 

Among strains of Escherichia coli and other bacteria, toler- 
ance for streptomycin appears to be correlated with ability of 
the organisms to metabolize ribonucleotides in the presence of 
relatively high concentrations of the drug, their ability to dis- 
pense with the oxalacetate-pyruvate condensation or to develop 
alternate biochemical pathways to serve the same end, and 
with insensitivity of their diamine-oxidase systems to (or pro- 
tection of these systems from) the normal effects of strepto- 
mycin. Just what are the factors that predispose the micro- 
organisms to these conditions is not clear at present. 

Subtilin is another antibiotic which may rapidly induce 
development of resistant strains among Gram-positive, Gram- 
negative, or acid-fast bacteria (224). Propensity to promote 
resistance, toxicity to the patient, and relative insolubility are 
all serious deterrents to clinical use of subtilin. Although 
insolubility and toxicity may be alleviated by formation of 
proper esters and complexes (34, 225, 283), at present, subtilin 
derives most of its value from its effectiveness against spore- 
forming, heat resistant bacteria which cause spoilage of canned 
goods. Very small concentrations of the antibiotic added to the 
food tend to ensure sterility of the products even when they 
are autoclaved at lower temperatures or for less time than is 
customarily used (195). 

Regardless of the mechanisms by which resistance to anti- 
biotics arises, it seems safe to conclude that there is an alteration 
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of the enzyme systems of the micro-organisms. For example, 
loss of enzyme activity and loss of antigenicity have been 
clearly demonstrated in B-hemolytic streptococci rendered re- 
sistant to penicillin and to streptomycin (97). 


Corollary to the problem of acquired resistance is the peculiar 
phenomenon of acquired dependence on antibiotics. It has been 
pointed out (205) that dependent strains probably represent 
mutants which, because of a genetic biochemical deficiency, 
normally would not survive in nature. They are laboratory 
curiosities that require very special conditions for growth, 
namely, a supply of streptomycin or dihydrostreptomycin which 
they proceed to metabolize: bacteria seem not to be able to 
discriminate between the two forms of the drug. 


Varying degrees of streptomycin-dependence have been 
described ranging from complete dependence (no multiplication 
in the absence of the drug) to partial dependence, in which the 
organisms require the antibiotic in order to enter the logarithmic 
phase of growth but do show “residual growth” when deprived 
of streptomycin. “Residual growth” of such strains, when 
measured in terms of optical density of the culture or in terms 
of CO, evolution, is a linear instead of a logarithmic function 
of time (227). 


Streptomycin-dependent bacteria have a peculiar metabolic 
need which apparently can be satisfactorily filled only by the 
specific structure of streptomycin or dihydrostreptomycin mole- 
cules or some moiety thereof. Streptomycin or dihydrostrepto- 
mycin that have been inactivated by L-cysteine or by semi- 
carbazide will not satisfy the requirement (82). 

It is difficult to visualize how streptomycin-dependent micro- 
organisms benefit from streptomycin without postulating enzy- 
matic utilization of the antibiotic. However, the mechanism 
by which this is accomplished remains unknown at present. 
Perhaps a way toward elucidation of this problem may develop 
from the observation that streptomycin-resistant Escherichia 
coli may become streptomycin-dependent in the presence of 
appropriate concentrations of PAS (53, 204). Valuable infor- 
mation may be derived also from the study of agents which 
block utilization of streptomycin in dependent strains (285). 
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Although streptomycin-dependent organisms may show a 
relatively wide range of tolerance for the antibiotic, only 
minimal amounts of the drug suffice for its needs. For example, 
a dependent strain of Staphylococcus aureus grew well in media 
containing as little as 0.05 microgram per ml. or as much as 
50,000 micrograms per ml. At concentrations below 0.05 micro- 
gram per ml., growth was “sparse and sporadic” ; concentrations 
above 50,000 micrograms per ml. were inhibitory (82). 

Streptomycin-dependent mutants appear to be unstable and 
to revert easily to streptomycin sensitive, tolerant, or resistant 
forms. For example, some streptomycin-dependent strains can 
be “trained” to grow and reproduce in the absence of strepto- 
mycin, although they frequently retain tolerance for the drug 
(227). In other instances, for example, when large inocula of 
streptomycin-dependent Staphylococcus aureus are seeded on 
streptomycin-free agar, a few morphologically aberrant forms 
occur. These are reminiscent of those induced by the drug in 
streptomycin-sensitive strains. The organisms appear able to 
grow, although they cannot divide normally. This results in 
formation of L-type colonies or of colonies that consist of giant, 
elongated, or swollen bacteria that are non-virulent (82). A 
few of these colonies sometimes reproduce. When they do, the 
offspring are of normal morphologic appearance and generally 
no longer are streptomycin-dependent; they are either sus- 
ceptible or resistant to its action and are of normal virulence. 

Development of cross resistance is not the rule among 
organisms sensitive to antibiotics. Generally, when an initially 
susceptible micro-organism acquires resistance to a given anti- 
biotic, its susceptibility to other antibiotics tends to remain 
unaltered. Recently discovered terramycin (73), which is 
biosynthesized by Streptomyces rimosus, appears to be an 
exception. 

Development of increased resistance to terramycin often is 
accompanied by decreased resistance to streptomycin: con- 
versely, acquisition of increased resistance to streptomycin tends 
to induce greater susceptibility to the action of terramycin. It 
has been reported that aureomycin and chloramphenicol are 
similar to terramycin in this respect, but perhaps to less degree. 
For particulars see papers presented at Terramycin Conference 
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under the auspices of the New York Academy of Sciences. 
June, 1950. 

The cross relationship between sensitivity and resistance to 
terramycin, aureomycin, or chloramphenicol on the one hand 
and streptomycin or dihydrostreptomycin on the other hand, 
undoubtedly accounts for the salubrious clinical effects reported 
from joint use of streptomycin or dihydrostreptomycin with 
terramycin, aureomycin, or chloramphenicol. 


EFFECTs oF ANTIBIOTIC THERAPY ON ANTIBODY FORMATION 
AND RESISTANCE TO REINFECTION 


Evaluation of chemotherapy by antibiotics should give due 
consideration to the effects of antibodies on the test animal or 
patient. This is well illustrated by the recent work of Kroé 
(147). One-day old chickens may appear to be cured of Spiro- 
chaeta gallinarum infection by a single large dose of penicillin, 
but relapses may occur in 60 per cent of the animals. The serum 
of these animals fails to show spirochaeticidal properties. Con- 
versely, one-month old chickens similarly treated are cured 
permanently, the serum having developed marked spirochaeti- 
cidal activity. 

In general, antibiotics have been considered not to exert any 
direct action on antibody formation in infected animals. How- 
ever, from theoretical considerations, one might prognosticate 
that they would affect the process indirectly. By quickly sup- 
pressing invading organisms in the animal system, antibiotics 
might be expected to effectively remove the stimulus for anti- 
body formation before the normal defense mechanisms of the 
body are completely mobilized into action. Thus, it might be 
expected that resistance to reinfection would be lower in a 
subject that had received antibiotics in large doses early in life 
or early in the course of an infection than in a subject that was 
given antibiotic therapy only after the infection had run its 
course for several days. Recently, evidence, both experimental 
and clinical, that is compatible with this view has been pub- 
lished (4, 181). 

There is a correlation between dosage schedule of aureomycin 
given to guinea pigs infected with Rocky Mountain spotted 
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fever and the titre of complement-fixing antibodies developed 
in the animals. A significantly higher titre develops in guinea 
pigs given 10 mg. of aureomycin per Kg., in a 1 mg. dose every 
two or three days, than in animals given twice as much of the 
antibiotic (4). Also, it has been noted that the titre of Vi 
agglutinins in typhoid patients cured by early use of Chloro- 
mycetin generally is considerably below the level characteristic 
of typhoid carriers (181). This is interesting from the public 
health standpoint, since it suggests that Chloromycetin not only 
has curative properties in typhoid but that, in curing, it also 
reduces the hazard of subsequent spreading of the disease, since 
presence of Vi agglutinins is now recognized as an indicator of 
the carrier state (149). Similarly, infections by Rickettsia may 
remain nonapparent in humans, who progressively build up 
antibodies but remain carriers of pathogens. These pathogens 
are of attenuated virulence, but may become dangerously patho- 
genic following a few passages through arthropods and humans. 
Therefore, chemotherapy by means of aureomycin or Chloro- 
mycetin should be generalized following an outburst of rickett- 
sial infections not only to cure acute cases but to eliminate the 
germs from carriers (100). 

The relation between antibiotic therapy and subsequent anti- 
body or agglutinin titre may depend on the invading pathogen 
and the specific antibiotic used in treatment. For instance, 
Chloromycetin therapy does not inhibit formation of aggluti- 
nating bodies in tularemia patients although it does effect rapid 
cure (99). This is a logical finding. Inoculation of dead 
Brucella organisms promptly induces formation of antibodies 
(28) and it is known that Chloromycetin prompts rapid phago- 
cytosis of the pathogens. Streptomycin is reported to enhance 
antibody formation in subjects vaccinated with heat-killed cells 
of Mycobacteria or of Escherichia coli (40, 41). Consistent 
with this view, Chudnoff and Bower (37a), studying treatment 
of chronic relapsing Q fever with streptomycin, aureomycin, 
and chloramphenicol, have stressed that eventual cure depends 
on a combination of auto-immune mechanisms and proper use 
of antibiotics. 

While no responsible investigators advocate prolonging the 
period of illmess, there is some evidence from animal experi- 
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ments that better cures sometimes:are obtained by first adminis- 
tering just enough antibiotic to suppress the pathogens and then 
following up with doses that will either gradually kill the germs 
or will afford support for the normal body defenses than when 
prompt lysis of most of the bacterial population occurs. This 
observation applies principally to diseases caused by bacteria 
that produce endotoxins. In such cases, the sudden release of 
large amounts of toxin due to wholesale lysis of the bacteria 
may produce severe reaction symptoms in the animal (158, 
180, 233). These results suggest a policy of fighting a “holding 
action” to prevent multiplication of the germs and spread of 
infection followed by gradual “mopping up” operations that 
eradicate the invaders gradually so that the animal body is not 
confronted with the problem of neutralizing the effects of large 
amounts of toxin at any one time. Whether such a plan can 
be applied in a practical way in human patients remains to be 
determined. Obviously, a very careful control of dosage would 
be required and precautions against a flare-up of the infection 
would need to be observed. 


TRENDs IN ANTIBIOTIC CHEMOTHERAPY 


Two important developments in the practical clinical use of 
antibiotics that have occurred since 1948 are the trends toward 
discontinuous instead of continuous therapy and toward 
multiple or polyantibiotic therapy. 

Each of these trends has a natural corollary. The doctrine of 
discontinuous therapy, which negates the importance of con- 
tinuously maintaining clinically demonstrable blood levels of a 
given antibiotic in the patient, is closely related to the concept 
of optimal therapeutic concentration. Similarly, the practice 
of administering more than one antibiotic at a time is related 
to the question of simultaneous use of an antibiotic and some 
other kind of chemotherapeutic agent or adjuvant to increase 
the effectiveness of the primary antibiotic. 


Discontinuous vs. Continuous Therapy 


Early clinical studies with penicillin and other antibiotics 
indicated that, following administration of a single dose, the 
concentration of the drug in the blood first rises rapidly and 
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then disappears rapidly. After a single intramuscular injection, 
the die-away curves relating concentration of penicillin in the 
serum to the magnitude of the initial dose are essentially parallel 
and semi-logarithmic. In other words, during each interval of 
time, approximately a constant percentage of the antibiotic 
present at the beginning of that interval disappears (60, 260). 
Thus, since larger doses provide for higher initial blood levels 
of penicillin, they also provide for a correspondingly longer 
maintenance of a given concentration in the serum. 

In the light of previous experience with sulfa drugs and other 
medicaments, it was natural to assume that continuous mainte- 
nance of the drug in the blood above some minimal threshold 
concentration essential for inhibiting the infectious invading 
organisms was a requisite for successful therapy. Consequently, 
much effort was spent in devising methods that would permit 
prolonging the duration of therapeutic blood levels while at the 
same time reducing the necessity for frequent injections or for 
continuous intravenous administration. Eventually several prod- 
ucts were devised to provide blood levels that are adequate 
for suppressing susceptible pathogens for two, three, or even 
four days in vivo. Meanwhile, there was a trend away from 
this continuous therapy toward discontinuous therapy employ- 
ing one relatively massive dose of penicillin in aqueous solution 
every twenty-four hours. 

Discontinuous threapy receives justification from the facts 
that the concentration of penicillin in the blood is not neces- 
sarily a true indication of the concentration in the lymph or in 
the tissues and that the clinical efficacy of a single large dose is 
of greater duration that would appear from a consideration of 
blood levels (228); and, moreover, from the fact that the doc- 
trine “if a little is good, more will be better” is seldom true in 
antibiotic therapy. There are definite optimum concentrations 
for killing bacteria, and killing is less rapid at concentrations 
above as well as below the optimum. Furthermore, now it is 
recognized that penicillin may exert a “residual effect” in ani- 
malls, i.e., that the blood and other body fluids may be unsuitable 
media for growth of bacteria for some time after detectable 
concentrations of penicillin no longer are present. It is recog- 
nized also that following exposure to an inhibitory concentra- 
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tion of penicillin, bacteria need a “recovery period” before they 
can resume growth, even if they are in a medium that normally 
would be suitable for multiplication (58). 

As is often the case in science, looking back over the earlier 
literature one can find indications that these results might have 
been expected, if the full import of some of the earlier work 
had been recognized. So early as 1943, Rammelkamp and 
Keefer (215) noted that “whole blood exhibited a marked 
antistreptococcal effect for at least twenty-five minues after 
penicillin had disappeared from the serum,” and it has been 
recognized since 1944 that bacteria exposed to normally lethal 
concentrations of penicillin for less than the minimum time 
required for killing and then removed from the presence of the 
antibiotic do not resume growth immediately (21, 22). There 
are numerous suggestions in the subsequent literature that 
intermittent injections with penicillin are as effective thera- 
peutically as are dosage schedules designed to maintain the 
blood level continuously above the necessary threshold concen- 
tration (129, 161, 168, 196a, 196b, 256, 292) and that after 
short exposure to penicillin bacteria do not immediately resume 
growth when transferred to a penicillin-free medium (199, 
200) .° 

However, the first clear cut quantitative demonstration that 
bacteria require a recovery period before resuming growth after 
a preliminary period of exposure to penicillin was not published 
until 1949 (58, 62) when it was shown that the duration of the 
lag before the organisms resume growth increases as the previ- 
ous length of exposure to the antibiotic increases and that when 
growth is resumed it is not a gradual process: whether the 
“recovery period” during which there is no change in the 
density of population is short (about half an hour) or long 
(about three and a half hours) depends on the previous time of 
exposure to penicillin; but, in either circumstance, when the 
population increases again the growth curves are approximately 





6This principle may be the explanation for the “potentiating” effect of 
small doses of penicillin reported by Kley and Ercoli in experimental 
Borrelia infections in mice (142a). Following a single therapeutic dose 
of penicillin, the number of parasites in the blood of infected animals was 
reduced to greater degree and much more rapidly in animals given a 
therapeutically “ineffective” dose 24 hours earlier than in controls deprived 
of such pretreatment (142a). 
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parallel. This is shown in figure 1 which has been redrawn 
from data of Eagle (58). 

The “recovery” period required before the bacteria resume 
growth may correspond to the time needed by the test organisms 
to restore some essential metabolite of which they were depleted 
under the influence of penicillin. (See discussion of mechanism 
of action, above. ) 
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Fic. 1. Recovery of streptococci (C-203) from the toxic effects of peni- 
cillin after different periods of exposure. Concentration of penicillin = 0.1 
microgram per ml. (Redrawn from Eagle, H., 1949: The recovery of 
bacteria from the toxic effects of penicillin. J. Clin. Invest., 28:832-836.) 


These observations are leading to the gradual adoption of 
discontinuous regimens of therapy. Restoration of normal tem- 
perature may be used as a useful criterion of clinical control 
of infectious diseases. Temperature charts for pneumonia pa- 
tients are essentially identical whether the patients are treated 
daily with 300,000-unit doses of procaine penicillin suspended 
in oil, with 20,000 units of benzyl penicillin in saline every two 
to three hours, or with 300,000 units of benzyl penicillin in 
saline daily (259). The first two courses of therapy (procaine 
penicillin in oil and benzyl penicillin in saline every two or 
three hours) continuously maintained blood levels of penicillin 
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at or above 0.2 unit per ml. After each dose of 300,000 units 
of benzyl penicillin in saline, the concentration of penicillin in 
the blood dropped rapidly for six hours, after which time de- 
tectable amounts of the antibiotic were no longer present. But 
despite the fact that penicilling could be detected in the blood 
during only one-fourth of the time, i.e., six hours out of each 
twenty-four, patients on the discontinuous regimen recovered 
as rapidly as those whose blood continuously had at least 0.2 
unit of penicillin per ml. As a matter of fact, normal tempera- 
ture was restored somewhat sooner in “discontinuous” than in 
“continuous” patients, although the difference may not have 
been statistically significant. Similar effective cures have been 
obtained in patients with various other infections and discon- 
tinuous therapy has been instituted as a routine in the In- 
fectious Disease Pavilion of the New York Hospital (259) and 
elsewhere (126). 

Naturally, even though penicillin may exert a residual effect, 
the effect is not of indefinite duration. Therefore, there is one 
precaution that must be observed in a program of discontinuous 
therapy. Although it is not necessary for penicillin to be 
present continuously in the blood, the intervals between doses, 
i.e., the periods during which the concentration of antibiotic 
in the blood is below the minimal effective level, must not be 
sufficiently great or must not recur frequently enough to per- 
mit resumption of bacterial growth to occur. The principle 
is more or less like that of a fighter in the ring who has his 
adversary down. There is no necessity to keep beating the 
opponent. The most efficient plan is to wait until he is just 
ready to stir, then to hit him again. This is most economical 
of the fighter’s resources. This view is confirmed by the results 
of experiments showing that the total amount of penicillin to 
be administered is used more efficiently if given in a few large 
doses than if it is administered in more frequent smaller 
doses (20, 93, 173). 

Advantageous as discontinuous penicillin therapy is, the 
practice may yield even greater benefits in dealing with anti- 
biotics, such as streptomycin, which elicit serious toxic effects 
in the host or tend to promote development of resistant strains 
among the pathogens. 
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When streptomycin was first available it was considered 
necessary to administer high doses to maintain relatively high 
blood levels continuously until the invading pathogens were 
eradicated, and administration of daily doses of 6 to 7 or more 
grams was common in chronic diseases such as tuberculosis. 
In an effort to avoid the toxic manifestations and also to reduce 
development of resistant strains, smaller doses were tried ex- 
perimentally, and it was soon realized that doses of 2 to 3 
grams daily were equally as effective therapeutically as the 
former larger doses and, in addition, were much safer. Cur- 
rently, doses of 0.5 to 1 gram of streptomycin daily are gener- 
ally considered adequate for treatment of tuberculosis. Now 
it is recognized that a single 2-gram dose once a week for four 
months may be as effective as a 2-gram dose daily for the same 
time in treating pulmonary tuberculosis patients and that a 
2-gram weekly regimen probably is more effective than a daily 
dose of 1 gram (89). The weekly dosage schedule may not be 
universally applicable, however, since selected types of cases 
were studied. None-the-less, it is certain that the current trend 
is toward smaller and less frequent dosage in streptomycin 
therapy of chronic ailments, such as the various forms of tuber- 
culosis, in order to reduce the toxic manifestations that usually 
accompany prolonged use of this antibiotic and to retard devel- 
opment of resistant strains (218). Other measures, such as 
concomitant use of PAS, to retard development of resistant 
strains are discussed below. Occasionally concomitant use of 
Zephiran or other surface active agents with streptomycin is 
also useful (189). 

Regardless of the schedule of dosage, for efficient therapy 
treatment must provide the optimal concentration of antibiotic 
at the site where the pathogen is ensconsed. This is emphasized 
by the suggestion that in treating tubercular meningitis strepto- 
mycin should be administered alternately intramuscularly and 
intrathecally (16, 63, 253). It has been stressed that the 
cerebro-spinal fluid is not isotonic with the blood serum and 
other body fluids; therefore, in order to avoid inflammation of 
the meninges that results from injection of hypertonic solutions, 
when using intrathecal administration, care should be exercised 
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to prepare streptomycin solutions isotonic with the spinal 
fluid (219). 

The concept, held until recently, that streptomycin therapy 
prolongs the survival of patients afflicted by meningitis rather 
than cures, tends to be replaced by a more optimistic view, as 
techniques improve and clinical tests make it possible to care- 
fully evaluate the results of chemotherapy. Restoration of the 
protein contents of the cerebro-spinal fluid to the low level char- 
acteristic of the healthy condition, as evidenced by the colloidal 
mastic test, indicates favorable prognosis (178). 


The Concept of Optimal Dosage 


Authorities differ on the question of the most satisfactory 
dosage schedule of antibiotics. Just what is the most satis- 
factory scheme in a particular instance depends somewhat on 
the kind, duration, and site of infection and to some extent on 
the characteristics of the individual patient. However, there 
are certain general principles that apply, mutatis mutandis, to 
nearly all cases. Essentially, the problem is to ascertain the 
most favorable balance between amount of drug administered 
and therapeutic effects, i.e., between economy and efficiency. 

Review of the literature from 1946 to 1948 (206, 210) indi- 
cates that increasing the concentration of penicillin above the 
threshold necessary for antibacterial action may be wasteful, 
since the practice does not necessarily increase the antibac- 
terial effect and, as a matter of fact, may even impede it. 
Confirmation of the wastefulness of large doses is provided by 
the observation (61) that “the total curative dose of penicillin 
in experimental syphilis (in rabbits) on a single injection was 
greater than 300,000 units per Kg.; on 8 injections at 4-hour 
intervals, 80,000 units per Kg.; and on 50 injections at 4-hour 
intervals, a total of only 360 units per Kg.” 

Cures can be effected, however, by a wide range of time-dose 
schedules. When a standard duration of treatment (4 days) 
was adopted, the total curative dose (CD,,) depended on the 
number of injections. When the number of daily doses was 
increased from one to five, the CD,, was reduced from 50,000 
units to 1,600 units per Kg. (61). When a standard number of 
injections (sixteen) was used, better results were obtained and 
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lower doses were required when injections were given every 
four to eight hours than when given at intervals of one to two 
hours. 

Miller et al. (173) showed that the PD,, (protective dose 
for 50 per cent of mice inoculated with 10,000 MLD of Salmon- 
ella typhosa) varied markedly with the treatment schedule. 
“As the number of equally spaced injections increased, the 
total amount of penicillin used also increased, although the 
size of the individual doses decreased.” Thus these authors 
concluded that “the common practice of dividing the total daily 
amount of penicillin into frequently injected doses may be an 
inefficient means of therapy” and that “the total amount of 
penicillin to be used in one day would be more effective if given 
as a few large doses.” This view is supported by the work of 
Garrod (93), who also showed that administration of large 
doses of penicillin every twenty-four hours is to be preferred, 
and by the reports of other investigators also (228). 
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Fic. 2. Diagrammatic representation of blood levels of penicillin follow- 
ing single intramuscular injection of different doses, showing the wasteful- 
ness of excessively large doses. See text for further explanation. 
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The idea that a few large doses make more efficient use of a 
given quantity of antibiotic than numerous smaller ones is 
true, however, only within limits. Doses which are too large 
may be just as wasteful as those which are too small even 
though the large doses are more effective therapeutically. This 
is shown schematically in figure 2. Only the areas under the 
curves but above the line representing minimum (or threshold) 
therapeutic concentration can be considered therapeutically 
effective. Most efficient suppression of the pathogens will occur 
during the time when the respective doses provide concentra- 
tions that are within the optimum range, 7.e., the range that 
permits maximal effect. These periods are indicated by cross- 
hatching in the diagram.’ When the dose is relatively small 
(curve 1) very little of it contributes to the therapeutically ef- 
fective area and even less contributes to the maximally effective 
area. Indeed, the concentration in the blood may never reach 
the level for most effective suppression of the pathogen if the or- 
ganism is relatively resistant to the antibiotic. Curve 2 depicts 
the situation when a somewhat larger dose is used. Here a 
greater proportion of the therapeutically effective area coincides 
with the optimum range for maximal effect. Still larger doses 
(curves 3 and 4) become wasteful because, although they too 
provide for attainment of the optimal concentration, the time 
during which this condition exists is but a small fraction of the 
entire time during which the concentration is above the mini- 
mum therapeutically effective level. It should be remembered 
that when the concentration is raised above the optimum, killing 
of susceptible bacteria may be retarded (58a, 205, 207). The 
more the dose is increased above that required to provide the 





7For each dose that is capable of providing concentrations that exceed 
the optimal concentration range, there is also a brief period during which 
an optimal concentration exists while the blood level of the antibiotic is 
rising. Since the blood level rises to a peak so rapidly (usually a matter 
of fifteen or twenty minutes or less) following intramuscular injection, 
the interval between attainment of the lower limit of the optimal range 
and the time when the concentration becomes supra-optimal cannot be 
more than a few minutes. Bacteria are not killed immediately upon 
contact with penicillin (or other antibiotics) but require some definite 
period of continued exposure. (See discussion under mechanisms of action.) 
Therefore, the brief span during which the optimal concentration level 
obtains under the ascending portion of a given curve may be considered 
negligible, and it is not cross-hatched. 
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optimum concentration, the more wasteful is the procedure 
since, although the length of time during which the optimal 
concentration exists in the conditions represented by curves 
2, 3, and 4 is the same, it becomes less in proportion to the 
therapeutically effective times as the dose is increased. The- 
oretically, the ideal dose would be one in which the maximum 
blood level reached coincided with, or just slightly exceeded, 
the upper limits of the optimal concentration range. Clinical 
experience supports this idea that length of action at relatively 
low concentrations is much more important than multiple high 
peaks in determining therapeutic efficacy of a regimen of 
penicillin therapy (165). This phenomenon is not limited 
to penicillino-therapy. It is true of streptomycin (272) and 
probably of most antibiotics and other chemotherapeutic agents. 


Polyantibiotic or Multiple Antibiotic Therapy 


Encircling tactics, employing concomitant frontal and flank 
attacks on the enemy, are classic in military history and have 
long been held in high favor by strategists. A somewhat 
analogous technique, i.e., polyantibiotic, or multiple antibiotic 
therapy, has been tried and sometimes found useful in man’s 
battle with pathogenic micro-organisms. 

A two-fold problem is involved in eradicating a bacterial in- 
fection. This arises from the fact that a population of bacteria, 
even one composed entirely of the same species, is never com- 
pletely homogeneous with respect to sentitivity to drugs or other 
environmental conditions. Just as is found in species of other 
living things, so in the bacteria, one finds a heterogeneity in 
the susceptibility of individual members to changes, either 
chemical or physical, in the environment. (See also discussion 
of Development of Resistance, above.) Thus, first there is the 
problem of most rapidly and efficiently suppressing the bulk 
of the population which is susceptible to the action of a given 
antibiotic in clinically practicable doses. Rapid and efficient 
elimination of these individuals involves the concept of optimal 
dose. Second, there is the problem of dealing with the smaller 
number of individuals which may tolerate the optimal dose 
and, making use of the lysis products from their dead neighbors 
which constituted the majority of the population, may continue 
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to grow and even develop resistance to relatively high concen- 
trations of the antibiotic. Exposing the bacterial population to 
two antibiotics (or to an antibiotic and some other agent) each 
of which operates against the pathogens through different 
mechanisms, reduces the chances of survival for any component 
member of the population. 


The object of the polyantibiotic therapy is to bring into play, 
concomitantly or successively, two or more antibiotics that will 
act in different ways. Theoretically, if a pathogen is attacked 
effectively through two or more channels simultaneously it 
should succumb more rapidly than when it is attacked in only 
one quarter. Or if certain resistant members of the population 
can withstand the frontal attack by the antibiotic that is effec- 
tive for most of the cells, these resistant cells may have an 
Achilles’ heel that is vulnerable to some other antibiotic. In 
either event, more effective control of the invading bacteria 
might be expected from judicious use of two or more properly 
selected antibiotics than from one alone. For example, penicil- 
lin and subtilin employed together check the growth of Gram- 
positive bacteria in vitro more effectively than does either drug 
alone (46). 


Penicillin, in appropriate doses, blocks dephosphorylation of 
mononucleotides and thereby deprives the bacterial cells of 
sources of energy necessary for their growth and other metab- 
olic activities. Subtilin, on the other hand, is a surface tension 
depressant and, therefore, probably modifies the rate of ingress 
and egress of normal bacterial nutrients and waste products, 
respectively. 

Similarly, one might expect a population of bacteria to yield 
more promptly when attacked simultaneously by penicillin 
and by streptomycin than when exposed to either drug alone. 
These two antibiotics both affect the chain or reactions involved 
in metabolism of nucleic acid derivatives—but at different 
points. Penicillin, as has been stated before, blocks depolymeri- 
zation of mononucleotides while streptomycin intervenes at 
another link in the chain, namely, at the process involved in 
depolymerization of nucleic acid macromolecules (see Fig. 57, 
Pratt and Dufrenoy, 205). 
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Sometimes these expectations based on theory are realized, 
but a word of caution is necessary. Sometimes they are not 
achieved and in such instances polyantibiotic therapy may be 
less effective than monoantibiotic treatment. Two cases that 
illustrate these different conditions are the synergistic action 
of penicilling and streptomycin on enterococci and streptococci 
involved in bacterial endocarditis (130, 190) and the antago- 
nism between penicillin and chloramphenicol when these two 
antibiotics are used in treating infections due to beta hemolytic 
streptococci (131). 

Figure 3 shows that in broth containing 6 micrograms peni- 
cillin per ml. (the optimum concentration for rapid killing of 
the organisms in vitro) the number of viable enterococci de- 
creased from approximately 31.5 billion to approximately 316,- 
300 in 48 hours, then increased steadily for about three days, 
after which time there were almost as many viable cells present 
as at the start of the experiment. Streptomycin, in a concentra- 
tion of 25 micrograms per ml. had no significant effect on the 
organisms. However, when the cells were seeded in broth 
containing 6 micrograms of penicillin and 25 micrograms of 
streptomycin per ml., the viable count decreased from the 
initial 31.5 billion to zero in 48 hours and there was no sub- 
‘sequent regrowth. This synergistic action of penicillin and 
streptomycin is not limited to action against bacteria but occurs 
against protozoa as well (230) and is supported by clinical re- 
ports which indicate that combined therapy with penicillin and 
streptomycin often is successful in treating cases of enterococcal 
endocarditis and other infectious diseases which do not respond 
to treatment when either drug is used alone (125, 220, 258, 
289). Similarly, aureomycin and streptomycin are now used 
together in the treatment of brucellosis (121, 122) and mixtures 
of other antibiotics may prove useful in treatment of amebiasis 
(3, 103). 

Figure 3 shows also that chloramphenicol alone (10 yg. per 
ml.) suppressed growth without killing the organisms but that 
when used with penicillin it tended to antagonize the early 
action of the latter. In broth containing both antibiotics the 
number of viable cells decreased slowly over a period of 6 days 
but, even in that length of time, did not reach the low figure 
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attained with penicillin alone in 2 days. However, no second- 
ary wave of growth appeared so that after 6 days the cell 
count was lower in cultures containing both chloramphenicol 
and penicillin than in those containing only penicillin. “Thus 
the late effects of this antibiotic mixture resembled those of 
high concentrations of penicillin (e.g., 300 yug./ml.) alone, 
far outside the optimal zone. In both instances the number of 
viable bacteria diminished more slowly than at the optimal 
concentration of penicillin alone (6 y»g./ml.) but after long 
periods of incubation occasionally all enterococci succumbed” 


(130). 
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Fic. 3. Effect of different antibiotics, singly and together with penicillin, 
on the survival of pathogenic enterococci in vitro. (Redrawn from 
Jawetz, E., Gunnison, J. B., and Coleman, V. R., 1950. The combined 
action of penicillin with streptomycin or Chloromycetin on enterococci 
in vitro, Science, 111:254-256.) 

Figure 4 shows a more pronounced instance of antagonism 
between penicillin and chloramphenicol on experimental beta 
hesolytic streptococcus infections in mice (131). Mice were 
injected intraperitoneally with approximately 100 times the 
LD,, of a virulent strain of beta hemolytic streptococcus. All 
untreated mice died in less than three days, but only about 
20 per cent of the animals died if given either penicillin (30 
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yg.) or chloramphenicol (800 yg.) within one minute after 
inoculation. However, if both drugs were administered to in- 
fected animals mortality was about three times as great (60 
per cent). Similar injections of penicillin and chloramphenicol 
in uninfected mice caused no symptoms of toxicity. Studying 
the quantitative relationships of the joint drug action, it was 
noted that “any combination of penicillin with chloramphenicol 
resulted in a much larger number of deaths than the same dose 
of either drug alone, particularly penicillin alone” and that 
“with any dose of chloramphenicol within the experimental 
range [2.5 to 40 mg./Kg.], the more penicillin was adminis- 
tered, the lower was the rate of death” (131). Moreover, the 
antagonism between penicillin and chloramphenicol was ap- 
parent whether the drugs were administered one right after 
the other intraperitoneally or were injected subcutaneously at 
widely separated sites one after the other or one hour apart. 
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Fic. 4. Mortality among mice inoculated with §-hemolytic streptococci 
and subsequently treated with penicillin, with chloramphenicol, or with a 
mixture of the two antibiotics. (Redrawn from Jawetz, E., and Speck, R. S., 
1950: Joint action of penicillin with chloramphenicol on an experimental 
streptococcal infection of mice. Proc. Soc. Exptl. Biol. Med., 74:93-96.) 
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There appears to be no infallible way to predict whether 
the effect of a given mixture of antibiotics, or of an ‘antibiotic 
with some other chemotherapeutic agent, will be equal to or 
greater or less than the sum of the effects of the different agents 
used separately. 

In the field of antibiotic therapy, as in many other biologic 
areas, one cannot rely entirely on induction and logic. The 
vagaries of living organisms are numerous and often peculiar. 
The only sure test is the empirical one of trial and experimental 
verification. Even the results of animal experiments must be 
scrutinized carefully before one can arrive at sound evaluation 
of the usefulness of a given antibiotic (275). Moreover, the 
results of in vitro experiments cannot be translated directly 
to in vivo or clinical use. 

Although several combinations of antibiotics or of an anti- 
biotic with a sulfa drug may show evidence of synergism 
against Salmonella typhosa in vitro and in vivo, the results 
obtained in vitro and in vivo may be correlated in less than fifty 
per cent of the pairs of drugs studied (212). Bacitracin and 
penicillin appear to act synergistically against Streptococcus 
agalactiae in vitro but tests of the two antibiotics together in 
cows afflicted with mastitis failed to show any practical value 
(113). 

The relative concentrations of different antibiotics in a mix- 
ture is important in determining the net biologic effect. Table 


TABLE 1 


Deviation of protective action of different penicillin-streptomycin 
mixtures for mice infected with S. typhosa from the 
protective action anticipated from the action of 
the two drugs used separately* 








Concentration of antibiotic Deviation from anticipated 
Penicillin Streptomycin protective action, per cent 
oe 3 eS 1 pg —14 
SOUEMS «55.6568 pe —17 
dan on, ATES pg — 5 

re 1 pe. + 8 
ae 3 ug +19 
200 units.......... 1 pg +38 
a 2 we +39 
200 units.......... 5 ug + 6 





*Data condensed from Price, C. W., et al., 1949: Amer. J. Public Health, 39 :340-344 
(212). 
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1 shows the results of experiments in which mice infected with 
S. typhosa were treated with penicillin alone, with streptomy- 
cin alone, or with mixtures of the two antibiotics. Injection of 
10 to 100 units of penicillin conferred very little, if any, pro- 
tection on mice inoculated with S. typhosa, whereas injection 
of either 250 units of penicillin or 3 micrograms of streptomy- 
cin per ml. protected about 50 per cent of the inoculated ani- 
mals. Addition of 50 units of penicillin to a 3 microgram dose 
of streptomycin did not raise the protection much above 50 
per cent. Indeed, the protection appeared somewhat less than 
might have been expected if the effects of the two drugs had 
been additive. But addition of 100 units of penicillin to a 3 
microgram dose of streptomycin gave 80 per cent protection, 
which was more than the approximately 75 per cent protection 
afforded by either 5 micrograms of streptomycin or 500 units 
of penicillin used singly. 

Other instances of marked change in protective action with 
change in relative concentrations of two drugs were noted when 
penicillin and sulfa products or penicillin and aureomycin 
were used together, confirming with experimental animals the 
fact that in vitro low concentrations (0.01 to 0.15 yg./ml.) of 
aureomycin may interfere with the action of low concentra- 
tions (up to 0.018 »g./ml.) of penicillin against Straphylococcus 
aureus (150). Very low concentrations (0.0036 y»g./ml.) of 
penicillin exert even more pronounced antagonizing effects on 
aureomycin, especially in the range of concentrations from 
0.02 to 0.04 »g./ml. But at a critical balance of concentrations 
(aureomycin about 0.01 »g./ml. and penicillin 0.036yg./ml.) 
the two drugs act synergistically so that the combined killing 
action of the two antibiotics is considerably greater than would 
be anticipated from the sum of their independent actions. A 
similar relationship exists between the action of aureomycin 
and streptomycin. 

The interfering concentrations are considerably below those 
normally considered therapeutically effective in man or other 
animals. None-the-less, these results may have clinical sig- 
nificance, especially since there is a growing trend toward com- 
bined use of aureomycin-streptomycin or aureomycin-dihydro- 
streptomycin mixtures in treatment of animals infected with 
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Brucella sp. (88). It is conceivable that the critical relative 
concentrations of the different antibiotics at which antagonistic 
effects were noted might obtain in serum as blood levels of pen- 
icillin and aureomycin or of streptomycin and aureomycin de- 
cline, following administration of the drugs. At appropriate 
concentrations aureomycin and chloramphenicol or mixtures 
of these two antobiotics plus streptomycin are more effective 
in curing typhoid fever than any one of the drugs alone (13). 

Relative concentrations also have a profound effect on the 
response of micro-organisms to combined treatment with para- 
aminobenzoic acid and penicillin (266) and with combinations 
of para-aminosalicylic acid and streptomycin (52, 53, 204). 
Divatia et al. (52) noted that, depending on the concentration 
employed, PAS enhances, exerts no effect on, or depresses the 
antibacterial action of streptomycin against a susceptible strain 
of Escherichia coli (growth prevented by 7 pg. streptomycin 
per ml.). Streptomycin and PAS are mutually antagonistic 
in their action against a streptomycin-resistant strain, which 
was developed from the original susceptible one by subculturing 
in increasing concentrations of streptomycin and which grows 
well in both containing 300,000 micrograms streptimycin 
per ml. (53, 204). Figure 5 shows that, as the concentration of 
PAS in the medium was increased, the adverse effect due to a 
given concentration of streptomycin gradually diminished and 
ultimately was reversed so that growth of the organisms was 
enhanced.* At concentrations of PAS capable of preventing all 
growth of the bacteria in media lacking streptomycin, the re- 
sistant organisms grew abundantly when streptomycin was 
provided. The organisms were not streptomycin-dependent, 
except in the presence of high concentrations of PAS. Similarly, 
streptomycin-sensitive and streptomycin-resistant strains of 
Myco. tuberculosis differ markedly in their response to joint 
exposure of PAS and streptomycin (267). 

There has been less concern over development of resistance 
to PAS than to streptomycin, especially following the report 
that Mycobacterium tuberculosis in vitro showed no increase 





8Inorganic ions may induce similar enhancement or depression of 
streptomycin activity, depending on the ratio of streptomycin to the respec- 
tive ions (19). 
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in PAS-resistance when subcultured over a_ period of four 
months (104). Apparently, however, this lack of concern has 
been due to a false sense of security: Upon repeated sub-cul- 
turing in Dubos’ medium, resistance of Mycobacterium tuber- 
culosis var. hominis to PAS may increase thirty to sixty times 
(127a). Moreover, acquisition of resistance to PAS is not ac- 
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Fic. 5. Diagrammatic representation of growth response of a strepto- 
mycin-resistant strain of Escherichia coli in cylinder plate tests when 
different amounts of PAS were incorporated in the agar. Cylinders (not 
shown) contain solutions of streptomycin (50,000 “g./ml.) in buffer. Only 
a small segment of the agar surface, including the area in which growth 
was affected by streptomycin and part of the adjacent unaffected area, is 
diagrammed. Heavy, medium, and light growth in the background areas 
om represented by + + +, ++, and +, respectively. See also Pratt et al. 
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companied by decrease in virulence and is not lost when the 
organisms are cultured in drug-free medium. The PAS-adapted 
Mycobacteria do become more sensitive to sulfamethylthiazole, 
however (127a). 

These in vitro observations and those of Pratt and co-workers 
(204) point to the potential danger of instituting combined 
PAS-streptomycin therapy after a few preliminary treatments 
with either PAS or streptomycin and provide experimental sup- 
port for the clinical view that combined PAS-streptomycin 
therapy should never be started after preliminary treatment 
with either drug alone (43a, 83). 

Some of the antibiotics which currently are considered too 
toxic for prolonged internal use in systemic infections may, 
none-the-less, have an important place in the treatment of 
systemic infections because of their ability to potentiate the 
antibacterial action of other antibiotics. The potentiating effect 
of subtilin on the antibacterial action of penicillin in vitro 
has been cited (46). 

Bacitracin, although has acquired a reputation for severe 
nephrotoxicity, also may become an important adjutant for use 
with other antibiotics, notably penicillin and streptomycin, be- 
cause of its potentiating effect on their antibacterial action. 
Bacitracin, which alone is somewhat effective in the treatment 
of experimental rabbit syphilis, has been found to exert marked 
synergism when used with penicillin. Eagle and Fleishman 
(59) reported curative action in rabbits when as little as one- 
fortieth of the CD,, of penicillin and one-seventh of the CD,, 
of bacitracin were used jointly. Synergistic action of bacitracin 
and penicillin against other infectious agents also has been 
reported (7). 

Gramicidin is too toxic to be used alone in systemic chemo- 
therapy: however, since it potentiates the effect of penicillin 
against staphylococci and streptococci in vitro (81), it betel 
have possible use in mixed local therapy. 

Microbial products other than clinically recognized antibio- 
tics may also modify the action of the accepted antibiotics and 
ultimately may have practical significance. It has been re- 
ported that streptomycin tends to protect staphylococci against 
the action of bacteriophage (64). This may be because strep- 
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tomycin, which is known to be readily adsorbed at the surface 
of the micro-organisms, interfers with fixation of the phage 
particles or because streptomycin, in the concentrations used, 
blocks some enzyme system which is not essential in prolifera- 
tion of the bacteria but on which either proliferation of the 
phage or lysis depends. Reversal of penicillin action by yeast 
extract has been reported (37) and it has been found that a 
“methyl antigen” from animals infected with tuberculosis 
organisms acts synergistically with streptomycin when both 
are injected into other infected animals (188). 

Crude filtrates from culture media fermented by various 
micro-organisms contain a host of metabolites and enzymes in 
addition to the antibiotics which sometimes are present. Litera- 
ture on the enhancement factor found in some lots of amor- 
phous (impure) penicillin has been reviewed previously (210). 
More recently, it has been reported that degradation products of 
penicillin may enhance the action of crystalline penicillin G 
(120). Borrelidin, a polycyclic acid, first isolated from amor- 
phous penicillin inactivated by boiling in methanol and sub- 
sequently found in crude liquor fermented by Streptomyces 
rochei also enhances markedly the action of penicillin against 
Staphylococcus aureus, Eberthella typhosa and Escherichia 
coli in experimentally infected animals (14, 30, 108a). 

The filtrates from cultures of Penicillium species, Bacillus 
subtilis and Streptomyces griseus contain, in addition to their 
respective antibiotics (penicillin, subtilin, and streptomycin) 
enzymes or other factors which are effective in neutralizing 
certain bacterial toxins (98, 107, 217). Mixtures of such 
filtrates heated for half an hour in the presence of formalde- 
hyde (500 p. p. m.) aré converted to “antagonist complexes” 
which may have a wide range of application in human and 
veterinary chemotherapy (107). Some of these may eventually 
become important therapeutic by-products of the antibiotics in- 
dustry. 

Improved antibiotic therapy may be obtained also by joint 
use of antibiotics and various organic and inorganic medica- 
ments and even by joint use of antibiotics and fever therapy. 

The sulfa drugs probably constitute the largest single class 
of compounds that have been studied for potentiating action 
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with antibiotics and the literature on this subject is voluminous. 
In general, sulfathiazole, sulfadiazine, and sulfamerazine have 
proved most useful therapeutically or, on the basis of in vitro 
experiments, appear to hold greatest promise for successful 
clinical use with antibiotics. 


It has been recognized since 1943 that the efficacy of peni- 
cillin sometimes is markedly improved when various sulfona- 
mides are used concomitantly with it (266) and today some 
physicians routinely use penicillin and a sulfa drug, notably 
sulfadiazine, for treatment of various sinus infections and of 
Ludwig’s angina (144, 213, 254). Use of oral or parenteral sul- 
fadiazine with parenteral or intrathecal penicillin has been ad- 
vised as routine treatment for meningitis due to pneumococci, 
streptococci, and staphylococci (15, 27, 109, 171, 251, 286), and 
has been found extremely helpful in management of similar 
infections caused by Cryptococcus species (135) and by H. 
influenzae (239). 

Combined use of penicillin and sulfadiazine has been recom- 
mended also in various forms of pneumonia (163, 269), em- 
pyema (222), and lung abscesses (247), as well as in pertussis 
t(143), peritonitis (1,291), non-specific urethritis (9), gas gan- 
grene (33), and fulminating meningococcemia (232). Various 
enterococci also yield more promptly to penicillin when small 
amounts of Marbadal (108) or of Supronalum (87) are used 
concomitantly. 


Various sulfonamides have been reported to enhance the 
action of other antibiotics also; for example, a concentration 
of sulfadiazine almost ineffective when used alone may mark- 
edly enhance the action of streptomycin (119, 142) and joint 
use of sulfadiazine with streptomycin is so much more effective 
than either drug alone in Brucella infections (201, 231, 245), 
that the combined use of these two-agents has become a standard 
treatment for brucellosis (65, 214, 271). The improved effect 
from joint use of sulfadiazine and streptomycin may be due, 
in part at least, to retardation of the processes involved in devel- 
opment of streptomycin fastness (47). Sulfadiazine and aureo- 
mycin combinations also are useful in brucellosis (121, 122). 
Joint use of other sulfa drugs and streptomycin has been 
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recommended in preparatory treatment for surgery in the 
colon (244). 

There are in the literature about as many reports of instances 
in which sulfonamides fail to enhance, or sometimes even 
diminish, the antibacterial action of penicillin and other anti- 
biotics (92, 212). Other papers on this subject, up to 1949, 
have been reviewed by Florey et al. (80). 

Some of the failures reported may have been due to ad- 
ministration of antibiotic in forms inappropriate for use with 
the specific sulfa drug employed. The fact that one member of 
the sulfa drugs enhances antibacterial action of a given anti- 
biotic affords no assurance that other members of the family 
will react similarly. Interference may not occur directly be- 
tween the drugs per se but only following some metabolic 
conversion of one of the drugs in the tissues of the patient. For 
instance, the porcaine from procaine penicillin may be metabo- 
lized to PAB in quanities large enough to antagonize sulfa- 
nilamide or sulfaguanidine, though too minute to affect other 
sulfa drugs such as sulfadiazine, sulfathiazole, and sulfapyri- 
dine (74), the action of which is not so readily interfered with 
by PAB (287). 

A number of sulfone derivatives, partially effective per se in 
experimental tuberculosis infections, markedly potentiate the 
action of streptomycin. These compounds and their joint effects 
with streptomycin have been reviewed by Smith ef al. (235): 
their pharmacology has been discussed by Titus and Bernstein 
(257). 

Certain amino acids may also find practical application as 
synergists for antibiotics. Jn vitro a combination of phenyl- 
serine or of D-serine and Chloromycetin in suitable concen- 
trations prevents the growth of Escherichia coli while neither 
drug alone, in the same concentrations, is able to do so (172). 
Fatty acids also may play a useful role in antibiotic therapy. 
Although the antibacterial spectra of fatty acid salts of strepto- 
mycin are about the same as the spectra of the commercially 
available salts, organisms develop resistance to streptomycin 
caprylate, propionate, or undecylenate more slowly and to less 
degree than to the sulfate, hydrochloride, etc. (274). Moreover, 
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organisms rendered resistant to the usual streptomycin salts 
often are sensitive to the fatty acid streptomycin salts. 

Inorganic compounds may be used with advantage to enhance 
the antibacterial action of penicillin in vivo. Cobalt, in ex- 
tremely low concentrations that are totally without effect when 
used alone, more than doubles the protective action of penicillin 
G in mice infected with Eberthella typhosa (211), and sodium 
iodide markedly increases the antisyphilitic effectiveness of 
penicillin (145): fever-inducing agents also have been reported 
to markedly enhance the clinical effectiveness of penicillin 
(67, 185). 

The benefit that may accrue from joint use of organic or 
inorganic compounds with antibiotics is not limited to direct 
enhancement of antibacterial activity. Development of resist- 
ant strains from initially sensitive ones may be retarded or 
undesirable reactions in the patient may be avoided. 

The ability of PAS to retard or prevent development of 
streptomycin-resistant tubercle bacilli when used conjointly 
with streptomycin is too well known to require further mention 
(43, 104, 136, 152, 267). (For late clinical reports on this 
subject see Minutes of the Eighth Streptomycin Conference, 
Veterans Administration Area Office, Washington, D.C.) When 
sulfadiazine is used alternately with streptomycin in brucellosis, 
each not only exerts independent chemotherapeutic action, but 
also suppresses the ability of the Brucella organisms to develop 
resistance to the other (47). Similarly, joint use of two or 
more antibiotics which may not necessarily act synergistically 
may, when antagonism does not occur, tend to augment the 
antibacterial action of the other. For instance, although devel- 
opment of cross resistance or sensitivity to antibiotics is not the 
common rule, strains of organisms in which resistance to terra- 
‘ mycin has been induced, regularly have increased sensitivity to 
streptomycin. The reverse is also true: as noted above increased 
resistance to streptomycin sometimes is accompanyed by in- 
creased sensitivity to terramycin. (See reports on Terramycin 
Conference sponsored by New York Academy of Sciences, 
1950.) 

Appropriate use of bismuth prior to administration of penicil- 
lin often prevents the occurrence, or at least markedly dimin- 
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ishes the severity, of the Jarisch-Herxheimer reaction (159). 
The importance, and even the frequency of occurrence, of the 
Herxheimer reaction appears to be highly controversial. Sev- 
eral authors have reported over 50 per cent incidence of Herx- 
heimer reaction in syphilitic patients receiving chemotherapy 
and have commented on “alarming results” following use of 
even small amounts of penicillin in both early and late syphilis. 
However, Thomas and Mahoney (255) point out that the 
Herxheimer reaction is not peculiar to penicillin therapy but 
may be encountered following the first injection of any potent 
treponemicidal agent into a syphilitic patient and moreover, 
that “‘in the treatment of thousands of cases of early syphilis at 
Bellevue Hospital’ they have “never known a Herxheimer 
reaction to do harm.” 

The result of all the reports on the effects of polyantibiotic 
therapy and on joint use of various organic, inorganic, or phys- 
ical agents with antibiotics is to emphasize the fact that the 
reaction system comprising host, pathogen, and drug is most 
complex and is easily altered by even slight changes in the 
internal and external environmental conditions of either the 
host or the invading pathogens. 
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THE FUNCTIONS AND METHODOLOGY OF A HOSPITAL 
STATISTICAL DIVISION 


J. ALLEN Scott AND Peccy McDonoucuH BrENKUs* 


For many years there has been a recognized need for the 
development of statistical services in hospitals and medical 
schools. A large number of papers have been published con- 
cerning the needs and methods for such statistical programs. 
One of the most comprehensive of these publications is that of 
Densen (1947) which reviews the history and literature of the 
field and presents an analysis of the basic elements needed for 
hospztal statistics. While these needs are in general similar 
for all hospitals, they do vary in accordance with the nature of 
the hospital. In medical schools and teaching hospitals there 
are a number of functions of a statistical service other than 
the collection of routine statistical information. We are pre- 
senting here a brief resume of the development of statistical 
service in The University of Texas School of Medicine and 
Medical Branch Hospitals. This discussion is not intended to 
present an ideal program but merely to show how certain 
urgent and immediate problems were solved during the early 
stages of the development of a statistical service. 

At the onset there were three general types of problems 
which were urgently in need of solution: (1) The statistics 
of the hospital activities were being reported by several inde- 
pendent divisions and there was an obvious need for integration 
or centralization of reporting; (2) continual requests were 
being received from staff members and departments of the 
medical school and hospitals for consultation or assistance 
with the statistical analysis of research data, and (3) the 
teaching of statistical methods to medical students was in need 
of integration with the statistical aspects of current research 
programs, and with the statistical aspects of hospital activities. 

After a preliminary period of study of the detailed needs 
of the institution the Statistical Division of The University of 
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Texas Medical Branch Hospitals was established in November 
1945 with the following proposed functions: 

1. To integrate the reporting of routine data concerning 
hospital operation by (a) recommending to various divisions 
of the hospital such changes in procedures as were needed for 
better co-ordination; (b) by centralizing the tabulation of data 
in a Statistical unit provided with punch card machines and 
other modern mechanized facilities. 

2. To provide a more adequate consultation service to staff 
members by making available (a) the use of punch card 
machines for summarizing research studies involving extensive 
data; (b) a minimum amount of statistical computation service. 

3. To integrate the teaching of statistics to medical students 
with these research studies and with the teaching programs of 
other departments. 

After a preliminary period of study and testing of methods, a 
punch card machine unit was established in June 1948. This 
unit took over the summarizing of routine hospital statistics 
on September 1, 1948. Monthly reports were prepared and a 
brief annual summary included with the last monthly report 
of the fiscal year 1948-1949. An example of the monthly re- 
port will be given below as well as a more detailed summary of 
additional data collected throughout the fiscal year 1948-1949. 

Before entering into a discussion of these reports and the 
methods used in preparing them, the other aspects of the work 
of the Statistical Division will be summarized. Several research 
studies of staff members and departments have been summa- 
rized on the punch card machines. The most extensive of these 
were a series of observations on the treatment of hypertensives 
done under the direction of Dr. Arthur Ruskin, Associate Pro- 
fessor of Internal Medicine, and a study of the work load of 
hospital employees being carried out by The University of 
Texas School of Nursing. A system for tabulating data re- 
garding X-ray examinations was designed at the request and in 
collaboration with Dr. Joe C. Rude, Radiologist-in-Chief of 
the Medical Branch Hospitals. The punching of a card for 
each X-ray examination was started on February 1, 1950. A 
discussion of the methods used in this latter study is being pre- 
pared for publication. A program for punching cards to sum- 
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marize the information on all autopsies and surgical patholog- 
ical specimens is now being developed in collaboration with 
the Pathology Department. Preliminary exploration has been 
made in co-operation with the Departments of Obstetrics and 
Pediatrics on a proposed tabulation of data concerning pro- 
spective mothers and their newborn infants for the purpose of 
giving a continuous and integrated picture which has not been 
possible through the independent study on the part of each 
department. 

A considerable number of staff members have requested ad- 
vice on the statistical analysis of their research data. In a 
number of cases the staff members were able to complete the 
necessary calculations without computational assistance. In 
other cases the computations were carried out by the Statistical 
Division and the staff members were then assisted with the in- 
terpretation on their data. In still other cases assistants from 
the department concerned were assigned temporarily to the 
Statistical Division to do the computations under the direction 
of the statistical staff. Those who were assisted in these ways 
have been very co-operative in permitting us to use their data 
in our teaching program and have given acknowledgment of 
our services in their published papers. 


Summary of Methods Used in Accumulating Routine 
Hospital Statistics. 


Sources of information. Information with regard to the ad- 
mission of patients is obtained from the “admission permit” 
which is prepared by the admitting office. Each morning the 
permits representing all of the admissions for 24 hours ending 
at the previous midnight are obtained from the admitting office 
and returned as soon as cards can be punched for them. Since 
the unit history number, i.e., the permanent number assigned 
to the patient’s clinical chart, is obtained by the admitting office 
from the Medical Record Library by telephone, the Statistical 
Division has found it advisable to take the permits to the Medi- 
cal Record Library and verify these numbers. Otherwise, the 
information contained on the permits is assumed to be correct, 
unless there is internal evidence to the contrary. Information 
with regard to the discharge of the patients is added to these 
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permits by the cashier’s office, and the completed permits repre- 
senting discharges for the same 24-hour period are also 
available daily. 

The head nurse of each ward or group of wards forwards 
to the nursing office each night a “midnight census sheet,” 
which summarizes changes occurring on the ward during the 
24 hours ending at midnight. The name, admission number 
and service are listed for the following categories of patients: 
admissions to the ward, births on the ward, transfers from an- 
other ward, transfers to another ward, deaths, discharges, and 
change of service without change of ward. A summary 
is also given of the total number of patients and the number on 
each service as of the midnight of the report, and as of the 
previous midnight. 

A summary sheet showing the number of out-patients ad- 
mitted to or attending each clinic is provided by the out-patient 
clinic office at the end of each day. 

Each day all of the in-patient charts which have been com- 
pleted and prepared for filing are obtained from the Medical 
Record Library, the necessary information abstracted, and the 
charts returned within a few hours so that they will always be 
available on call. At the end of the month summary informa- 
tion is obtained from various departments by telephone, such 
as list of autopsies from the pathology department, number of 
laboratory examinations, X-rays, operations, etc. 

Punch card methods. For the benefit of readers who are 
not familiar with the principles of operation of punch card 
machines, a brief explanation may be in order. Figure 1 shows 
a sample puach card. These cards are printed with the head- 
ings at the top which pertain to the admission-discharge infor- 
mation and headings at the bottom which pertain to information 
from the charts. Although printed alike the two types of cards 
are distinguished by color and by having a different corner cut. 
The example shown in figure 1 has been punched as an ad- 
mission-discharge card in accordance with the system out- 
lined below. An alphabetical printing punch rented from 
the International Business Machines Corporation was used 
for this purpose. It will be noted that on the card there are 
80 vertical columns in which punching may take place. In 
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each column there are 12 punching positions, one each for 
the digits 0 to 9, as shown by numerals printed on the card, 
an 11th position immediately above the 0, and a 12th position 
nearer the top of the card. The 1ith and 12th holes serve 
three purposes: (1) they increase the number of individual 
items which may be punched in a single column to 12; thus, 
for example, the 12 months of the year may be punched in 
a single column; (2) they are frequently used to cause other 
tabulating machines to perform certain special and selective 
functions; (3) an alphabetical character is represented by 
two holes in a single column, one of which is 0, 11, or 12, and 
the other a numeral from 1 to 9. Thus, for example, A is repre- 
sented by 1 and 12 in the same column, B by 2 and 12, J by 1 
and 11, etc. 


The cards feed one at a time through the punch, stopping at 
each column. Depressing a key on the typewriter keyboard 
of the machine types the appropriate symbol at the top of the 
card over the column, punches one or two holes as is required, 
and moves to the next column. Provision is made for skipping 
columns as on a typewriter, and if a card which is already 
punched has been inserted in the duplicating rack of the ma- 
chine, any selected portion of the information may be auto- 
matically transferred to the card being punched. The sorting 
machine can be set to read the holes in any column and sort 
the cards into 12 pockets according to the holes punched in that 
column. A special switch allows for their being sorted a second 
time according to the second hole in the column. Thus by sort- 
ing on successive columns the cards may be placed in numerical 
order for any given number of columns, or in alphabetical order 
for the columns containing letters. While the cards are passing 
through the sorter, the machine will record in 12 separate coun- 
ters the number of holes occurring in each position of a single 
column, and will also record the total number of cards. From 
the figures in the counters, totals and averages of the values 
punched into the cards may be obtained. If it is desired to 
prepare a permanent list of the’ information contained in the 
cards, they may be sorted in the order desired and passed 
through a printing tabulator. This machine will select the re- 
quired information from any specified portion of the cards. 
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The information from each card is printed as a separate line 
of type on a sheet of paper passing through the machine. At 
the same time any of the numbers punched in the cards may be 
added, and all or any specified type of cards counted and the 
totals printed on the same paper. 


Admissions. Each morning a punch card called the “admis- 
sion-discharge card” is prepared for each patient during the 24 
hours ending at the previous midnight. As stated above, the 
source of information is the admission permit. An example of 
such a card is shown in figure 1. The unit history number ap- 
pears in columns 1 through 7. This number will appear in the 
same position on every other type of card referring to individual 
patients which may later be introduced, so that the different 
types of cards may be sorted together for purposes of correlat- 
ing the information. It will be noted that the system of unit 
history numbers used in this hospital incorporates a letter in 
place of the final digit; i.e., each calendar year a new letter 
is used for the numbers assigned during that year. Columns 8 
through 22 are used for the last name. Names of more than 
fifteen letters are abbrieviated by disregarding the additional 
letters. In columns 23 through 32 first names, titles or initials 
are punched. Sex and color are punched in column 33 as a 
code number; i.e., 1 for white male, 2 for white female, etc. 
The age in years is punched in columns 34 and 35 with a 
combination of 11 and 12 holes for those under one year. In 
column 36 the ages are coded by groups: 1 for premature, 2 
for newborn, 3 for those under one month, etc., with 6 for 
those 15 years or over. In column 37 the source of payment is 
classified as indicated in the report discussed below. In column 
38 numbers are punched to indicate whether patients paid full 
rate, part rate or nothing. The counties of the state were num- 
bered in alphabetical order and the number punched in column 
39 through 41. The admission number punched in columns 
42 through 46 is a number assigned by the admitting office in 
serial order of admission regardless of whether or not the pa- 
tient has been in the hospital before. Column 47 is blank to stop 
duplication in transfer cards as will be explained below. All 
dates are punched in the form of a code set up with January 1, 
1948 as day number 0001. In punching admission cards the 
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appropriate date code is punched into an otherwise blank card 
which is placed in the duplicating rack and the code is thus 
transferred automatically into every admission card. 

After these cards are punched the operator verifies them by 
reading the information on the top of the card to another clerk, 
who checks the admission permit to locate any errors that may 
have been made in punching. After necessary corrections are 
made, these admission cards are filed in order of the admission 
number. 

Transfers and Discharges. Each morning a clerk checks 
through the midnight census sheets to find transfers of patients 
from one service to another, irrespective of whether the pa- 
tients also changed wards. The admission cards for these pa- 
tients are pulled from the file, inserted into the duplicating rack 
of the punch and a transfer card is punched. These transfer 
cards are exactly like the admission cards except the color is 
different and a different corner is cut. The information in col- 
umns 1 through 51 of the admission cards is automatically 
duplicated into the first transfer card. The date code for the 
day of transfer and the month and last digit of the year are 
punched in columns 52 through 57, and the code number for 
the service from which transferred in 58 and 59. In column 60, 
number 1 is punched to indicate that this is the first transfer 
card. A second transfer card is then duplicated through column 
46. It may be noted in passing that duplicating is stopped at 
column 47 when a so-called blank column switch is turned off. 
The date of transfer is punched in columns 48 through 51 and 
both transfer cards filed with the admission card in its original 
location. If a second transfer occurs, all three cards are pulled 
from the file, the second transfer card is completed to include 
the date of the second transfer and the service from which 
transferred in columns 52 through 59, and number 2 is punched 
in column 60. A third transfer card is then made by duplication 
as before with the new transfer date in columns 48 through 51. 
Additional transfers can be handled in the same manner. At 
the same time that the admission cards for transfer of patients 
are pulled from the file, the cards for discharged patients are 
pulled. The date code including month and year are duplicated 
into these admission cards in columns 52 through 57, and serv- 
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ice from which discharged is punched in columns 58 through 
59. If the patient was discharged alive, 1 is punched in column 
60; if not, this column is left blank and completed when the 
autopsy information is received. The discharges are numbered 
in serial order beginning with 0001 each year, and this num- 
ber is punched in columns 61 through 65 to make possible the 
rapid identification of lost or missing cards when the monthly 
report is prepared. If the patient had been transferred from 
one service to another, a 12 hole is punched in column 66 of 
the admission-discharge card and the last transfer card is 
punched like the discharge card through column 59 and num- 
bered in column 60. All of these cards are then verified by 
reading back as described above. The discharge cards are filed 
in order of the admission number, and the transfer cards for 
discharged patients are filed without regard to order until they 
are needed for the annual report. 

Ward Cards. Information is also abstracted daily from the 
midnight census for punching one so-called “ward card” for 
each ward or group of wards. An example of these cards is 
shown in figure 2. The date code is duplicated into the card 











Fic. 2. Portion of ward card showing headings for punching informa- 
tion regarding the daily census of patients on each ward. 


and the ward number punched, as well as the number of pa- 
tients in each of the several categories shown on the card. 
Instead of verifying these cords, the columns are added on the 
counting sorter and a balance is obtained. If the group of cards 
is not in balance, a search is made for the individual card which 
does not balance and the error corrected. The number of ad- 
missions shown on these cards must equal the number of ad- 
mission permits, and the number of discharges must check with 
the records of the cashier’s office. 

Clinic Cards. Each day a clinic card is punched for each 
clinic which operated that day. The card contains the date, 
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clinic number, and a count of patients divided into new regis- 
trants and repeat visits, each category being subdivided by 
color. These cards are also verified by balancing on the count- 
ing sorter with a check of totals against adding machine totals 
from the report sheets. 

Chart Cards. A medical student is employed to code the 
diagnosis on those charts which are ready for filing each day. 
For each of these charts the admission-discharge-card is pulled 
from the file by the admission number, and the unit history 
number and name are checked for accuracy. The chart, which 
is then punched, is printed like the admission-discharge card, 
but differs in color and corner cut as explained in connection 
with figure 1. Columns 1 through 36 are duplicated from the 
admission-discharge card and the rest of the card is punched 
from information contained in the chart. The total number of 
diagnoses coded for this discharge is punched in columns 46 
and 47, followed by the four digit code number from the Man- 
ual of the International Classification of Diseases, Injuries and 
Causes of Death (1948) for each of the diagnoses. If any diag- 
nosis has been previously coded within the calendar year, its 
code number is punched as usual, but the machine is back 
spaced so as to punch an 11 hole in the same column as the 
right hand digit of that code number. By this means it is pos- 
sible to count the number of repetitions of diagnoses. The chart 
card is verified by reading back, and information common to 
both cards is also checked. In column 67 of the admission-dis- 
charge card an 11 hole is punched to indicate that the corre- 
sponding chart card has been made. By sorting the admission- 
discharge cards on this column (67) it is possible to inform 
the administration monthly which charts are incomplete. 


Examples of Reports of Routine Hospital Statistics 


Monthly Reports. The various types of punch cards de- 
scribed above are used to prepare a report each month. The 
first page of the report is a summary sheet and is completed in 
tentative form in time to be published in the monthly trial 
balance which goes to press on the third of the month. The 
tentative figures are then rechecked and the additional pages 
prepared so that the entire report can be included in final form 
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the following month. Not only figures for the current month, 
but also the totals and averages for the fiscal year to date are 
shown for most items. An example of such a report is shown 


in Tables 1 through 6. 


TaBLe 1 


Summary of Report of Statistical Division, The University of Texas, 
Medical Branch Hospitals, September, 1949 through 
February, 1950 





Total or Average 





February year to date 
Inpatients admitted Pe Dicrdavid acne sick 870 5,677 
Inpatients discharged ................ 897 5,642 
Number in hospital end of month...... 619 
Total patients under care.............. 1,516 
ME oer k kp attnain cw ane seeaswde 688 acie 
Average daily census................. 617 593 
Per cent occupamcy...............+++. 90 86 
PE ON IIB. os 5 dnceis owe reasinns 17,291 107,288 
Hospital cost per patient day.......... pata $10.31 * 
Average days stay in hospital 
(a) for patients discharged this month. . 20 
(b) for patients still in at end of month. 31 
Median days stay in hospital 
(a) for patients discharged this month. . 14 
(b) for patients still in at end of month. 16 
Average stay within the month........ 11 or 
Deaths—inpatients ................... 39 210 
Autopsies—inpatients ................. 23 139 
EAE CN I avon eet 1 5 
SU IIE 5 oes ig. oa ccacersisre setae unre 7 28 
a ee ee 59 66 
EE SNE iad vo scca ews eseeess 8,324 47,885 
Average daily clinic visits............. 297 264 
Total clinical laboratory tests.......... 12,321 76,338 
Total X-ray examinations............. 4,304 21,607 
Total R-PAy CHOTA «o.oo ns cece scseces 585 2,495 
Blood and plasma transfusions......... 509 2,858 
IE tine oe ar os aaline es 479 2,589 
Occupational therapy-number treated. . . 173 869 
Physical therapy-number treated. ...... 143 714 
a rear 401 2.203 





*Excludes overhead and certain administrative expenses. 


The first step in preparing the report is to balance the ward 
cards for the entire month on the counting sorter. Then the 
cards for the patients remaining in the hospital on the last mid- 
night of the month are counted and the total compared with 
the similar total obtained from the ward cards. Discrepancies 
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can be rectified by sorting the admission-discharge cards alpha- 
betically by the patients’ last name and checking them against 
the names on the physical census, which is prepared by the 
nursing service at the end of each month. The cards represent- 
ing patients discharged during the month are counted and the 
total checked with the ward cards. With these figures, plus the 
number of admissions shown by the ward cards, and the num- 
ber of patients remaining in the hospital at the end of the pre- 
vious month, a balance can be obtained to show that no errors 
have been overlooked. The total patient days is obtained from 
the “total today” columns of the ward cards. Other figures 
such as average daily census, total inpatients under care, etc.. 
are calculated from the above figures. To obtain the average 
and the median days stay in the hospital for various classes of 
patients, the cards are sorted and counted by the admission and 


TABLE 2 


Discharges, deaths and autopsies by service and by age for February, 1950 











Length of Stay in 
Hospitals Over 24 Hours 


Service from Total Discharged Still- Autopsies Per 
which dischar_ed discharges alive Deaths births Total Percent Deaths Autopsies cent 
Medicine ............. 150 133 17 10 59 14 8 57 
JSH Psychopathic...... 95 94 1 1 0 
State Psychopathic ..... 58 58 
Pediatrics, newborn 

and premature ...... 136 131 5 + 80 2 1 50 
Surgery—general ...... 65 59 6 1 16 5 1 20 
Neuro surgery ........ 32 28 + 4 100 3 3 100 
Genito Urinary ........ 4+ 41 3 2 67 3 2 67 
Orthopedic surgery ..... +4 44 
Plastic surgery ........ 63 62 1 1 100 1 1 100 
Dermatology .......... 9 9 
Gynecology ........... 46 45 1 0 1 0 
Obstetrics ............. 105 104 1 
Otorhinolaryngology ... 35 34 1 1 100 1 1 100 
Ophthalmology ........ 16 16 
Re 898 858 39 1 23° 59* 31 17 55 

e at time of admission 

SU 1 1 1 100 

Newborn and premature. 86 83 3 V4 67 1 0 
Under 1 month......... 2 2 

1 to 12 months......... 26 25 1 0 1 0 
1 to 14 years........:.. 84 81 3 3 100 2 2 100 
15 years and over....... 699 667 32 18 56 27 15 55 
OE oo Eis ae hewn & 898 858 39 1 24 62 31 17 55 





*Excludes stillborn. 











in 
[ours 
er 
ent 


| AnASo SO 











Functions and Methodology of a Statistical Division 157 


TABLE 3 


Average census of inpatients by buildings for the month of February, 1950 





Patient Average Bed Per cent 


Days Census Capacity Occupancy 

Children’s Hospital ........ 1,772 63 75 84 
Special Surgery Unit....... 1,485 53 59 90 
Main Building ............ 3,399 121 130 93 
Women’s Building ......... 1,409 50 77 65 
Colored Building .......... 3,210 115 126 91 
Isolation Building ......... 639 23 24 96 
JSH Psychopathic ......... 1,770 63 60 105 
State Psychopathic ........ 3,607 129 137 94 
| SE es 17,291 617 688 90 
For year to date: September, 1949 through February, 1950 
Children’s Hospital ........ 11,974 66 75 85 
Special Surgery Unit....... 8,619 48 59 81 
Main Building ............' 20,275 112 130 86 
Women’s Building ........ 9,197 51 77 66 
Colored Building .......... 20,284 112 126 89 
Isolation Building ......... 3,943 22 24 92 
JSH Psychopathic ......... 10,853 60 60 100 
OS eae 18 

State Psychopathic ........ 22,125 122 137 89 
gata ad ap Serene acne Fa 107,288 593 688 86 





*Temporary ward with variable capacity. 


discharge date codes. The average is obtained by digiting, and 
the median by dividing the deck of cards in the middle after 
they have been placed in order of dates. The average stay 
within the month is equal to the total patient days during the 
month, divided by the total patients under care. It is obvious 


TABLE 4 


Patients discharged during February, 1950 classified according to 
source and amount of payment 





Source of payment Full pay Part pay No pay Total 
ree 298 (100%) 298 
Diagnostic clinic. . 91 ( 29%) 224 ( 71%) 315 
State staff ....... 106 ( 86%) 17 ( 14%) 123 
State referred.... 9 (100%) 9 
Cty aan ....5.. 56 (100%) 56 
Student health ... 1 ( 10%) 9 ( 90%) 10 
Employee ....... 2 (100%) 2 
ee 299 ( 37%) 215 ( 26%) 299 ( 37%) 813 
Newborn ....... 84 
Stillborn ........ 1 


Total discharges. . 898 
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that most of the other parts of the monthly report can be sum- 
marized from these cards by a simple process of sorting and 
counting the items in the appropriate columns. Data on con- 
sultations are obtained monthly from the Medical Record Li- 
brary and other summary data from the various divisions of the 
hospital. 

Annual Report. The first annual report prepared from the 
cards will be presented below along with certain conclusions 
which may be drawn from the information. All of the tables 
shown were prepared by methods similar to those described for 
the monthly report except for tables concerning length of stay in 
the hospital or on each service. At the end of the year a ma- 
chine known as a multiplier was wired to subtract the admis- 
sion date code from the discharge date code on each card, and 
to punch the difference in columns 76 through 79. The cards 
were then tabulated on a “printing tabulator” which provided 
averages of the stay in the hospital according to the service from 
which discharged, and at the same time proved the accuracy of 
the subtraction operation. To obtain the average stay on each 
service, the cards were retabulated after the transfer cards had 
been substituted for the discharge cards punched in column 
67, i.e., those with corresponding transfer cards. 


TABLE 5 


Consultations by services for the month of February, 1950 








Services Asked Given 
ia Sa ag cise sa, pieleroee nw si's ae 209 79 
un : re 26 38 
ES ee Roane 58 25 
Surgery—General ............ es 62 
SS Pr rer rer ee 24 13 
OE es occ cmigee kee ow ste 21 36 
Orthopedic Surgery ................ 18 15 
ERG CEES Ae ara rere 45 + 
I os Ike Bo shee sree sane lea 16 30 
ES, Se. oGiG ok hicleg cee schoo 13 23 
Ss oi hnk a ve eeeyien'scts ps 10 2 
Otorhinolaryngology ............... 3 76 
IN gosto. ois. < aa pidisle 4-0-6 b's. 3 48 
he CURR 2a reer oa 14 
I eo cr ahacnea slice sare we 10 
I Ee Sch nie oie aac dieu dlesiive ss ne + 
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The punching of chart cards was not started until after the 
first year of operation. It is intended that a summary of the 
information will be prepared on a printing tabulator. In order 
to arrange the diagnoses in a single listing, duplicate cards 
will be prepared on a reproducing punch. An example of a 
case with three diagnoses is shown in figure 3. The duplicate 
cards are like the original card except that the position of the 
diagnosis code numbers are interchanged so that each diagnosis 
will appear in the first position on one card. To prepare the re- 
port the cards are sorted into the order of the first position 
code numbers and listed in that order. All of the pertinent 
information including unit history number, age, name, etc., 
and all of the diagnosis codes on each card will be printed as a 
single line of type. At the same time counts of the code num- 
bers appearing in the first position will be printed. 

The purpose of this latter tabulation is not to obtain mor- 
bidity rates, but to show the number of cases with various 
diagnosis which have been treated in the hospital. Moreover, 
the availability of such a list should stimulate various types of 
research on the part of the different departments. For example, 
the department of cardiology would find all the cases with 


TABLE 6 


Patient days by services for the month of February, 1950 











Services February Year to Date 
ET Tee ee Ce 3,613 21,847 
JSH Psychopathic ............ 1,928 11,908 
State Psychopathic ............ 3,607 22,124 
Sant SR" Sa eee era 1,087 9,056 
PN ois 5 Dibe « Saborntn nee 271 2,175 
SS ee eee eee 136 945 
Surgery—General ............ 1,127 6,696 
Neuro Surgery ...........-0-; 515 2,348 
rs 571 3,253 
Orthopedic Surgery ........... 1,389 8,106 
ee 1,224 7,634 
PND 5S hives sweden 273 1,260 
EE 6g. one Ses so es nda 611 3,679 
a err er 368 2,885 
Otorhinolaryngology .......... 403 2,139 
Ophthalmology ............... 168 1,215 
Se Sees SRS al a oe os 18 


PI etsncit sh ensneeetasedegies 17,291 107,288 
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heart conditions listed in one place. For each case the other 
diagnoses associated with the heart condition would be printed 
in the same line of type. Another department would find some 
of the same cases relisted in another part of the report again ac- 
companied by the associated diagnoses. Since a symbol will 
be printed to identify the original card for each case, the num- 
ber of cases and the number of diagnoses may be counted sep- 
arately as well as a further count made on the number of repe- 
titions of each diagnosis within the year. 


Statistics of The University of Texas Medical Branch Hospitals 
for the Fiscal Year 1948-1949 


Inpatients given bed care. The data on the movement of 
patients through the hospitals is shown in Table 7. At the be- 
ginning of the year there were 596 patients in the hospitals, and 


TABLE 7 


Summary of data concerning inpatients given bed care during the 
fiscal year 1948-1949 





Number in hospital at beginning of year............ 596 
Number admitted during the year.........:........ 11,338 
Number under care during the year..................0000- 11,934 
Number discharged during the year................ 11,349 
Number in hospital at end of the year.............. 585 
11,934 
Total number of patient days during year.......... 203,952 
Cost per patient day (exclusive of overhead and 
certain administrative expenses)............... $10.58 
Average number of patients in hospital at midnight.. _ 559 
Total bed capacity (weighted average for year)...... 689 
Per cent occupancy for the year................... 81 





during the year 11,338 inpatients were admitted, making a 
total of 11,934 patients under care. It should be noted that this 
number does not count individual persons since some were 
admitted more than once and counted separately each time. A 
separate tabulation of individuals indicates that approximately 
11,000 different persons were admitted during the year. There 
were 11,349 discharges during the year, exclusive of stillborn 
infants, leaving 585 in the hospitals at the end of the fiscal 
year. These patients were in the hospitals during the year for 
a total of 203,952 patient days. The cost per patient day, 
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$10.58, was obtained by dividing the cost of operating the hos- 
pital (excluding overhead and certain administrative expenses ) 
by the total patient days. The average census of 559 was ob- 
tained by dividing total patient days by the number of days in 
the year. Since the bed capacity varied from 677 to 701 and 
averaged 689, the average occupancy was 81 per cent. 

The distribution of patients by buildings and wards is shown 
in Table 8 with calculations to. show the percentage occupancy 
of the various units. In general the units which house the type 
of patients who have a long average stay in the hospital show 












































TABLE 8 
Inpatients by wards and buildings for the fiscal year of 1948-1949 
- a 
Average Average Per cent 
Buildings and Wards Patient Days Bed Capacity Census Occupancy 
Total Main Building............. 39,067 130 107 82 
i ek SSE ee aria eae tear 9,729 30 27 90 
coin 8S. go oo Sains is a4 98 5,224 16 14 87 
Ward 3 and Private 2............ 9,743 31 27 87 
tS re ere 7,888 27 22 81 
SESS eran een er 4,405 19 12 63 
I eee ince hese cuss 2,078 7 6 86 
Total Women’s Building.......... 18,069 77 50 65 
ER hocc a cicsee Gaps & & sikixiwe o-nx80% 3,809 17 10 59 
I digssandlip. Guailst clers ve aire 2,342 17 6 35 
No gna o> oe Gverw:. 5:8 Saphe 6,298 20 17 85 
Prevate Ward 3... 2... ...00.cc0008 3,441 13 9 69 
ee ee 2,179 10 6 60 ~ 
Isolation Building ............... 6,909 24 19 79 
Total Colored Building........... 37,649 126 103 82 
MINE Soi ceive storstale Nase BS «689 55s 5,629 17 15 88 
NN ans ar oh0 8588 0 us, diersoisnabeshs 4,197 15 11 73 
ee eine vse 7,038 21 19 90 
NS a el el iss hoe sy sedans 5,439 16 15 9+ 
Obstetrics and Gynecology........ 6,332 24 17 71 
Colored Pediatrics ............... 6,902 23 19 83 
LS ee 2,112 10 6 60 
JSH Psychopathic Building....... 20,890 60 57 95 
State Psychopathic Building...... 44,448 137 122 89 
Total Children’s Hospital......... 20,214 75 55 73 
_ Ls SA a gre 2,860 9 8 89 
oS pS SEE eee eS a 8,331 35 23 ' 66 
Si ar adh gipre nec aie we 7,429 25 20 80 
RI oho copes che tccso wes 1,594. 6 + 67 
Special Surgery Unit............. 14,199 59 39 66 
Stewart Convalescent Home*...... 1,944. 13 11 85 
Polo Ward? .............5.00- 563 
51” SOR LOS ae OA a ge aie ree ee 203,952 689 559 81 
*In operation 181 days. 
tTemporary ward with variable capacity. 
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the highest occupancy rates, as would be expected. For ex- 
ample, it will later be shown that the average stay of patients 
on the two psychiatric services is 34 and 48 days respectively 
as compared to the general average of 20 days. It is not sur- 
prising then that the psychopathic buildings showed the highest 
percentage occupancy. In contrast the lowest occupancy was 
35 per cent in ward 2 of the women’s building. This is an 
obstetric ward where patients stay a very short time and their 
admissions cannot be planned in advance. A certain number of 
beds must, therefore, be held vacant at some periods in order 
to provide enough beds for patients when a large number of 
patients must be admitted. In general a similar explanation 
can be provided for the low rates of occupancy of other wards 
of the women’s building. Likewise the average for the chil- 
dren’s hospital is low principally because of the premature 
nursery and ward 2, which handles acute cases primarily. In 
such wards admissions cannot be planned as effectively as in 
wards handling more chronic cases. The average occupancy 
of 81 per cent for the entire hospital shows that, in general, the 
beds are being filled about as rapidly as practical. 

Table 9 shows the distribution of patients discharged from 
the hospital during the year according to their age, sex and 
color. It will be noted that approximately 23 per cent of the 
patients were in pediatric groups and that slightly less than 
half of these children were newborn infants. Approximately 
70 per cent of the patients were white, the males representing 
46 per cent of white patients and 36 per cent of the colored 
patients. 

TABLE 9 


Distribution of patients discharged during the fiscal year of 1948-1949 
according to age, sex and color 





White White Colored Colored Other Other 


Age groups male female male female male female Total 
Stillborn ......... + 5 19 12 <a Ry 40 
Newborn ......... 255 285 311 328 ha i 1,179 
Premature ........ 2 1 1 6 i a 10 
Under 1 month.... 23 12 1 2 “J 4 38 
1-12 months ...... 101 87 21 21 + ot 230 
1-14 years ........ 476 377 165 96 1 = 1,115 
15 years and over.. 2,893 3,594 667 1,613 + 6 8.777 
Total discharges ... 3,754 4,361 1.185 2,078 5 6 11,389 
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Table 10 shows the distribution of patients discharged during 
the year according to total number of days stayed in the hospital. 
It is interesting to note that of the approximately 11,000 pa- 
tients discharged, nearly 6,000 were in the hospital less than 
10 days, and all but about 200 were in less than 100 days. 













TABLE 10 


Distribution of total days stay in the hospital for all patients discharged 
during the fiscal year 1948-1949 








Total days stay Number of patients 
1 698 
2 735 
3 1,624 
+ 729 
5 492 
6 443 
7 469 
8 382 
9 342 
NE ToD. ant ic ook avin dah 20cesuse caleba 5,914 
10-19 2,360 
20-29 1,094 
30-39 
40-49 443 
50-99 686 
ONG 5 oe chy wie pods 41k ae Oe ie wR 5,231 
100-199 161 
200-299 20 
300-399 5 
400-499 10 
500-999 4 
SEER TNE TMMNOG 5.0 arch al rrereusas > 0 ww aweaers 2. Si9 20-oon 200 
1000-1999 2 
2000-2999 ~* 
ee EIN oo os cc was Wea ws saci oweuains + 
IIIS Se Sonal 8's ining wea taka uss Helou Aa 11,349 





The same data are shown in graphic form in figure 4. The 
data are plotted in cumulative form so as to show the percentage 
of patients remaining in the hospital more than any given 
number of days. The lower section of the graph shows the 
entire group. Since the scale necessary for this purpose does 
not reveal clearly the details at the left end of the graph, this 
portion of the scale has been expanded in the upper section of 
the figure. It is interesting to note, for example, that 25 per 
cent of the patients were in the hospital more than 21 days, 
that 50 per cent were in more than 84% days and that 75 per 
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cent were in more than 2% days. Conversely the graph can be 
read to show that 63 per cent were in more than 20 days, etc. 
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Fic. 4. Showing the length of stay of patients in the hospital. The 
lower portion shows the percentage staying more than any given number 
of days for all patients discharged during the fiscal year 1948-1949. The 
upper portion is an expansion of the left end of the lower graph to show 
more clearly the details at the shorter periods. 

Table 11 shows the number of patients discharged from 
the hospital and their average stay in the hospital, separated 
according to the service from which discharged. The average 
stay varies from 4 days in the obstetric service to 48 days in 
the State Psychopathic Hospital with an average of 20 days 
for all patients. This table does not take into consideration the 
fact that some patients are on more than one service during 
their stay in the hospital. 

Table 12 takes account of these latter cases by presenting 
data on the length of stay on each service, regardless of whether 
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TABLE 11 


hospital by service from which discharged 






Number of patients discharged from each service during the fiscal year 
1948-1949 and the total and average days stay in the 








Total Total 

Service from Patients Days Stay 

which discharged Discharged in Hospital 
eer eee 1,808 38,023 
Neuro Psychiatry ........... 855 28,957 
State Psychopathic .......... 1,262 60,296 
OS rrr oe 958 20,628 
Newborn (includes premature) 882 4,267 
Surgery—general ........... 880 15,572 
es 241 3,721 
Comme Dranery. .....2 665.553 369 6,507 
Orthopedic Surgery ......... 472 15,198 
Plastic Surgery ............. 684 14,245 
NS eee 110 2,268 
ee 720 7,044 
ESE ee eer 1,399 5,407 
Otorhinolaryngology ........ 443 4,472 
Ophthalmology ............. 266 2,385 
SN. oy cvs asian oi envivw doce biers 11,349 228,990 


Average 


Days Stay 


in Hospital 


21 
34 





the patient was discharged from that service or transferred to 
another service. In this table the data are expressed in terms 
of average days stay on the service and also the median days 
stay on the service. For comparative purposes the services have 


TABLE 12 


Average and median length of stay on each service for patients discharged 
during the fiscal year 1948-1949 





Service Median Average 
Otorhinolaryngology .. 2.5 10 
Newborn ............ 2.5 + 
a 3 4+ 
Gynecology .......... ; 9 
OS ee A 14 
Ophthalmology ....... 8. 9 
Neuro Surgery........ 8. 14 
Plastic Surgery ....... 9. 17 
Surgery—general ..... 10. 1+ 
Genito Urinary ....... 13. 16 
TMM og. o's scene’ 13 19 
Dermatology ......... 13. 17 
Orthopedic Surgery ... 14. 22 
JSH Psychopathic .... 18. 24 
State Psychopathic .... 28. 34 
Premature ........... DB: 31 


Service 


Newborn 
Obstetrics 
Gynecology ........... 
Ophthalmology 
Otorhinolaryngology ... 
a eee 
Neuro Surgery ........ 
Surgery—general ...... 
Genito Urinary ........ 
Plastic Surgery ........ 
Dermatology 
WE oc circa pisces ers 
Orthopedic Surgery .... 
JSH Psychopathic 
Premature 
State Psychopathic ..... 


Average Median 


r 


Co 
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been arranged in order of the size of the median and rearranged 
in order of the size of the average. The difference between the 
medians and the averages throws an interesting light on the 
type of patients attended by the various services. For example, 
although the median for both otorhinolaryngology patients and 
newborn infants was two and one-half days, the average for 
otorhinolaryngology was ten days, as compared with four days 
for the newborn children. The difference reflects the fact that 
although most otorhinolaryngology patients are on the service 
only a short time, a few of them stay quite a long time and thus 
raise the average, whereas virtually all newborn infants are 
in the nursery only a few days. Differences between other 
services may not have such an obvious explanation, but they 
may provide useful ideas to staff members concerned. 


Taste 13 


Discharges, deaths and autopsies by service and by age for the fiscal year 1948-1949 








Length of Stay in 


Hospitals Over 24 Hours 


Per 


60 
78 


Service from Total Discharged Still- Autopsies 

which dischar~ed discharges alive Deaths births Total Percent Deaths Autcpsies cent 
ES oo ws ix a ele 19 18 1 

Eee 1,789 1,562 227 131 58 181 109 
JSH Psychopathic .... 855 845 10 7 70 9 - 7 
State Psychopathic .... 1,262 1,251 11 + 35 9 + 
ae 958 904 54 37 69 35 25 
dhs ee 843 822 21 12 57 + 3 
Premature ........... 39 29 10 6 60 1 1 
Surgery—general .... 880 839 +1 23 56 39 21 
Neuro Surgery ....... 241 215 26 15 58 22 12 
Genito Urinary ...... 369 356 13 7 54 12 6 
Orthopedic Surgery ... 472 466 6 5 0 
Plastic Surgery ....... 684 673 11 5 45 10 + 
Dermatology ......... 110 106 + 3 75 3 2 
Gynecology .......... 720 =710 10 7 70 10 7 
Eisen sos 34 1,439 1,397 2 40 1 50 
Otorhinolaryngology .. 443 443 

Ophthalmology ....... 266 266 

. See 11,389 10,902 447 40 258 58* 340 201 
Age at time of admission 

ee 40 

I: 1,178 1,142 36 20 55 3 3 
Premature ........... 9 8 1 1 100 1 1 
Under 1 month....... 41 30 11 8 73 6 4+ 
1-12 months ........; 230 212 18 14 78 14 10 
1-14 years ........... 1,114 1,082 32 21 66 27 18 
15 years and over..... 8,777 8,428 349 194. 56 289 165 
eee 11,389 10,902 447 40 258 58* 340 201 








*Excludes stillborn. 
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Table 13 shows a breakdown of discharges, deaths and au- 
topsies according to the service from which discharged, and 
according to the age at the time of admission. It will be noted 
that exclusive of stillborn infants, there were 447 deaths in 
the hospital during the year. Autopsies were obtained on 58 
per cent of these cases. If the cases which died before they 
were in the hospital twenty-four hours are excluded from con- 
sideration, there are 340 deaths with 201 autopsies, or 59 per 
cent. These figures do not include autopsies of persons dead on 
arrival or such autopsies as were done on stillborn infants. 

The amount and source of payment made by patients dis- 
charged during the year are shown in Table 14. It should be 


TABLE 14 


Patients discharged during the fiscal year 1948-1949 
according to source and amount of payment 








Source of payment Full pay Partpay Nopay Total Per cent 
| ee 3,620 3,620 35.7 
Diagnostic Clinic ....... 9 1,038 2,241 3,288 32.5 
eee 4 2,087 103 2,194 21.7 
State Referred ......... 5 95 100 1.0 
oN adie 884 884 8.7 
Student Health ........ 22 6 28 a 
Employees ............. 2 3 5 a 
ae eee 3,662 3,229 3,228 10,119 100. 


(36%) (32%) (32%) 
Newborn (includes 


I Se ee ee nr 1,186 
6g ee Sige te aca ees goeisiatiee 40 
Ro oa cea ay Sele spate 44 

cane EIS AES, o- Sara aati 11,389 





noted that the tabulation does not include changes of pay classi- 
fication after admission, but the figures still represent a reason- 
ably correct estimate. Newborn children have been excluded 
from the calculation of percentages since the payment has been 
included in that of the mother. It will be noted that of the 
other patients slightly more than one-third were full pay 
private patients and about one-third made no payment. The 
private patients accounted for approximately 36 per cent of the 
total. Of the diagnostic clinic patients, a few paid full rate, 
about one-third paid part of their expenses, and two-thirds were 
cared for entirely at the expense of the clinic. The patients 














Functions and Methodology of a Statistical Division 169 


called ‘state staff’ were admitted by the staff for teaching 
purposes and nearly all of these paid at least part of their ex- 
penses. The “state referred” cases are those whose expenses 
were paid by certain state agencies which provide a standard 
payment per day. These rates are not usually equal to the 
full pay rate, and therefore, such patients are for the most part 
classified as part pay patients. 

The activities of the outpatient clinics are summarized in 
Table 15. It will be noted that over 18,000 persons visited the 
clinics and that the total number of visits was over 91,000 or 
an average of 297 visits per working day. 


TABLE 15 


Summary of the outpatient clinic visits for the fiscal year 1948-1949 





New patients Total clinic 

Clinic admitted visits 
MN et djvars terns oc ng erence 2,318 13,302 
NE o/s ons Gin a unesew bce 53 809 
SEE: cnc orciGaeea eres 174 2,994 
Donan a ig $c ais Fe oy as Gow 70 876 
eee eee ere 13 214 
Ca cewek won eee eee +6 1,343 
I Sin sigan ol bisls cae wae - 1,340 5,266 
NE oc Sows ccc ga Saye ie 814 5,437 
NE Son r6.c ie isha asp ee Se 375 5,403 
INGUIGTANSEEY . coon cccccs 33 221 
Ee ree 70 1,426 
re er rrrse 84 341 
SR eitias sd ona iaaneis Coan seen 4 11 317 
| 1,120 5,689 
SESE ES ae one 64 293 
ol cae pear ne swe 17 47 
REE epee 702 4,601 
Neuro Psychiatry ............. 1,200 4,473 
Otorhinolaryngology .......... 1,979 6,238 
Opithhaimology ............... 1,342 3,728 
scr iis asaies anne 1,249 8,067 
ae 9 112 
I ro sig wsg- sb so, rhs eso Oy 857 6,745 
(eee 148 498 
Emergency Room ............. 4,013 13,026 

ey ree 18,101 91,466 
SE NOD CUMING WHDIINS 5 5. 5:60. c a 05s 0565 50 04050 oes 297 





Most of the special services of the hospital have submitted 
separate annual reports of their activities to the administration. 
A summary of some of these reports is presented in Table 16. 
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TABLE 16 
Summary data from special services of the hospitals for the fiscal year 
1948-1949 
Total clinical laboratory tests...................00. 133,824 
TORRE 2-0U MUONS gs oo 5 ne oe een se Seale 91,904 
Blood and Plasma transfusions....................: 5,846 
IN 5 nog oh ss susnaieinamennebin CRTs 4,358 
Physical therapy: Inpatients 362; Outpatients 422... 784 
Occupational therapy: Inpatients 565; Outpatients 6. . 571 
Summary 


Methods used for tabulating the routine statistics of The 
University of Texas Medical Branch Hospitals are presented. 
A description is given of the operation of punch card tabulating 
machines for this purpose. An example of a monthly report is 
included as well as the annual report for the fiscal year 
1948-1949. Other functions of a hospital and medical school 
statistical service are briefly discussed. 
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STUDIES ON PROTOZOAN METABOLISM AND THEIR 
RELATION TO GENERAL PROBLEMS OF PHYS- 
IOLOGY AND BIOCHEMISTRY 


GerALD R. SEAMAN* 


The present report will deal solely with information obtained 
in the course of studies with the colorless, free-living ciliated 
protozoan, Tetrahymena geleii,t and the relation of these 
investigations to general biological problems. 

Tetrahymena geleii is one of the few protozoans which can 
be cultured in a completely defined chemical medium. Table 
1 shows the components which are necessary for maximal 
growth of the organism. The great similarity between the 
requirements of the ciliate and of mammalian tissue is to be 


TABLE 1 


Components of media necessary for optimal growth of I. geleii 
(from Kidder, 1946 and Kidder and Dewey, 1949a) 





Arginine HCl 
Histidine HCl 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Tryptophane 
Valine 

Serine 


Glucose 
Sodium acetate 


Guanaine HCl 
Adenylic acid 
Cytidylic acid 
Uridylic acid 


Ca pantothenate 
Nicotinamide 
Pyridoxine HCl 
Riboflavin 


Pteroylglutamic acid 


Thiamin 
Protogen 


CaCl. s 2 H O 
Fe(NH,)2(SO,)2 
CuCl; - 2 H:O 








*From The University of Texas Medical Branch Carter Laboratory of 
Physiology, Galveston, Texas. Received for publication November 15, 1950. 

tIn earlier reports by the author, the organism used was classified as 
Colpidium campylum. Recently, however, J. O. Corliss, after a careful 
morphological study, has found that the organism is, in fact, Tetrahymena 
geleii. 
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noted. For example, the amino acid requirements of the pro- 
tozoan are almost identical to the requirements of the growing 
rat and of man, with the exception that the rat does not require 
serine (Rose, 1937) and that man does not require serine, 
histidine or arginine (Rose, 1947). 

The investigations leading to the knowledge of the exact 
growth requirements of Tetrahymena amount to an entire 
chapter in comparative biochemistry. Even after the amino 
acid, vitamin and salt requirements of the organism were rather 
accurately known, good growth could not be maintained in the 
absence of three factors or fractions obtained from timothy 
hay (Kidder and Dewey, 1945a). Figure 1 illustrates the three 
“unknown” fractions and the compounds which were even- 
tually found to comprise each. We thus now know the exact 
chemical requirements of the organism, with one exception. 
This, as yet, unknown factor (IIA) is protogen. The prepara- 
tions of this factor are too impure to be subjected to chemical 
analysis at the present time. 


TIMOTHY HAY 


PbAc acid extract 
(Oewey 1944) (Kidder and Dewey, 19456) 








t, 
FACTOR I filtrate non -dyalysate 
bovis acid FACTOR I FACTOR 
guanine AgNO3 cytidylic acid uracil 
adenylic acid (stockstad et al, (Kidder and Dewey, 1945) 
(Kidder, and Dewey 7 \ 
i 
- t. filtrate 
FACTOR IIA FACTOR 1B 
Protogen Phosphotungstic acca 
wick tad,et al., (Kidder and Dewey, 1949 a) 


ppt filtrate 
FACTOR 2B’ FACTOR 1B” 
ridoxine increased concen- 
thidder and tration of Cutt 
lu ’ an 4 
wey, 19494) (Kidder and 
Dewey, 1949 a) 





Ficure 1 


Credit for ascertaining the exact nutritional requirements of 
the organism goes almost entirely to Drs. George Kidder and 
Virginia Dewey. It was only through their persistence that 
the complex requirements became known. The investigations 
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of these workers not only provided information concerning 
nutrition and growth of the protozoan, but also pointed out 
serious drawbacks in standard microbiological assay procedures. 
In the course of their studies many mistaken results had to be 
later corrected. The errors were mainly due to inadequacies in 
assay procedures employing Lactobacillus. Thus it was initially 
thought that 7. geleii is capable of growth in media in which 
riboflavin, pantothenate, pyridoxine, and nicotinic acid are 
absent (Kidder and Dewey, 1945d); at least no indication of 
the vitamins in the culture medium could be obtained when 
tested with Lactobacillus. However, later it was found (Kidder 
and Dewey, 1949a and 1949b) that the original media con- 
tained trace contaminations and that, in reality, the ciliate 
requires these vitamins for optimal growth. Tetrahymena is 
much more sensitive to minute amounts of vitamins than is the 
lactic acid bacillus. It was also found that the growth response 
of Tetrahymena to graded amounts of the vitamins is linear 
(Kidder and Dewey, 1949a and 1949b). Unfortunately too 
few investigators have availed themselves of this new, ultra- 
sensitive test organism for microbiological assay procedures. 

Tetrahymena appears to metabolize carbohydrates in the 
conventional manner. The stages of glycolysis are, in general, 
orthodox. However, there are a few minor differences between 
glycolysis in the ciliate and glycolysis as known to occur in 
mammalian tissue and in yeast. In Tetrahymena, the final 3 
carbon fragment undergoes a CO, fixation reaction yielding 
succinate as one of the final products of the anaerobic phase 
(Van Niel, et al., 1942). The DPN linked «-glycerophosphate 
dehydrogenase is lacking in the ciliate (Seaman, 1951). How- 
ever, an active cytochrome linked «-glycerophosphate dehy- 
drogenase can be readily demonstrated (Seaman, 1950a). It 
thus appears that in Tetrahymena the cytochrome linked en- 
zyme takes over the function of the coenzyme linked system 
which is active in animal glycolysis (Green, 1936). 

The aerobic utilization of pyruvate proceeds through the 
tricarboxylc acid cycle in the conventional manner (Seaman, 
1949a). When pyruvate is incubated with living cells of 
Tetrahymena, «-ketoglutarate and fumarate are recovered. 
In the presence of malonate, pyruvate oxidation proceeds only 
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to the stage of succinate. Seaman (1949a) found no significant 
change in oxygen utilization when living cells were incubated 
with citrate in concentrations of 2 « 10-* M to 1 « 10-7 M. 
In addition, citrate did not release malonate inhibition of py- 
ruvate utilization. This was taken to indicate that citrate does 
not occupy a major position in the tricarboxylic acid cycle as it 
occurs in Tetrahymena. However in a later study (Seaman, 
1951) it was found that the citrate system in the protozoan has, 
in fact, a high activity. In the later investigation, the concen- 
tration of Mg++ in the suspending medium was much higher 
than that used in the previous study. It thus appears that the 
previous inability to demonstrate citrate activity was due to 
binding of Mg*+* by the citrate in the medium, and as a result, 
the optimal concentration of the divalent ion necessary to 
activate the isocitric dehydrogenase-aconitase system was not 
maintained. 

While 7. geleii contains an active ATP-ase system (Seaman, 
1949b), the identity of the phosphagen in the organism has 
not been ascertained. In the only reported investigation with 
protozoans (Needham, et al., 1932) it was not possible to iden- 
tify either arginine phosphate or creatine phosphate in Glau- 
coma, Bodo or Polytoma. Perhaps the phosphate donor in pro- 
tozoans is a new compound, similar or identical with the as yet 
unidentified new phosphagen of marine worms (Yudkin, 1950). 


Seaman and Houlihan (1950b) obtained acetylcholinesterase 
activity from homogenates of Tetrahymena. The esterase is 
specific for acetylcholine; it does not split butyrylcholine. Com- 
pounds such as DFP and eserine inhibit not only the esterase 
activity, but also the motility of the organism. The inhibitions 
by these compounds are apparently specific for the esterase; 
inhibitor treated cells have the same rate of glycolysis and of 
aerobic carbohydrate utilization as do untreated cells. Since 
there is ample evidence in the literature that the neurofibrillar 
system, which connects the base of individual cilium, is a co- 
ordinating or conducting structure, the above results must be 
interpreted to indicate that conduction along the neurofibrillar 
system of Protozoa is dependent upon acetylcholinesterase ac- 
tivity. Thus the concept of Nachmansohn (1948) that trans- 
mission of the electrical impulse along conducting fibers is 
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dependent upon the activity of acetylcholinesterase may be 
extended to the simplest animals. 

While, in general, the nutritional requirements and metabolic 
patters in the ciliate are similar to mammalian tissue, there are 
two noteworthy exceptions. Tetrahymena is not normally 
capable of utilizing sucrose (Kidder, 1941). The ciliate also 
cannot synthesize guanine or uracil from adenine (Kidder and 
Dewey, 1948). Mammalian tissue, on the other hand can 
carry out the synthesis from adenine (Brown, et al., 1948) 
but cannot metabolize these compounds if added in the diet 
(Brown et al., 1948; Plentl and Schoenheimer, 1944). Kidder, 
et al. (1949, found that cancer cells are similar in their purine 
and pyrimidine metabolism to Tetrahymena cells. After the 
comprehensive study of Hitchings and his associates (1949), 
number of analogs of guanine and uracil were available as 
possible competitive inhibitors of nucleic acid synthesis. Tests 
with Tetrahymena (Kidder and Dewey, 1949c) indicated that 
the most powerful inhibitor is 5-amino-7hydroxy-1H-v-triazolo- 
(d) pyrimidine or, as it is called, guanozolo. When this com- 
pound was tested with rat tumors, spectacular results were 
obtained (Kidder et al., 1949). Injections of guanozolo com- 
pletely inhibited the growth of Adenocarcinoma Eo771 and of 
spontaneous mammary cancer in C3H mice. Treatment of 
lymphoid leukemia in mice resulted in retardation of the course 


of the leukemia. 


N=C-OH HN-C=0 
2HN-t c- NH sHW cnt 
N- C-N* N= C-N7 
GuANoZzOLo GUANINE 
Ficure 2 


Later studies with guanozolo have produced conflicting data. 
Suguira, et al. (1950) failed to obtain inhibition of spontaneous 
mammary cancers in C3H mice or of Sarcoma 180, Sarcoma 
T241, Sarcoma R38 or of Flexner-Jobling carcinoma. How- 
ever, inhibitions were obtained with Adenocarcinoma Eo771. 
Gellhorn, et al. (1950) found that the analog inhibits develop- 
ment of experimental carcinomas but has no effect on sarcomas 
or on leukemias. Law (1950) on the other hand, obtained 
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definite inhibition of acute lymphoid leukemias in mice treated 
with guanozolo. In any case, the results, although somewhat 
conflicting, are encouraging, and do indicate that studies on 
purine and pyrimidine metabolism of Tetrahymena have led to 
a fruitful avenue of research in mammalian cancer. 
C) COOH og ¢H2 COOH 
coon ie CH, PO; Hy 
ASO; Hy 


trans - |,2- CvcLoPEN - Aagsonoaceric B - PRosPHOPROPIONIC 
TANEDICARBOKYLIC ACID Acio co 
Ficure 3 





The effects of analogs of other metabolites have also been 
studied in Tetrahymena. Interesting results have been obtained 
with analogs of succinic and malonic acids. The succinic acid 
analog, trans-1,2-cyclopentanedicarboxylic acid, increases the 
permeability of the cell membrane (Seaman and Houlihan, 
1950a). The membrane of Tetrahymena is impermeable to 
succinate at pH values of above 4. However, in the presence 
of the cyclopentane acid, succinate penetrates into the cell and 
is metabolized by the organism. The rate of penetration of 
compounds such as acetate and pyruvate, which normally pene- 
trate the membrane of Tetrahymena, is increased by the cyclo- 
pentane acid. This compound should provide a useful tool for 
permeability studies, as well as for investigations in which it is 
necessary to study physiological effects of compounds which 
will not normally penetrate a living cell membrane. 

Two additional analogs have provided what may be valuable 
information. Arsonacetic and £-phosphonopropionic acids in- 
hibit the succinic dehydrogenase system of T. geleii (Seaman 
and Houlihan, 1949). These compounds have no inhibitory 
effect on the succinic dehydrogenase of rat liver (Klotz and 
Tietze, 1949). They are also without effect on the succinic 
system of rat lung, heart, kidney, brain or muscle (Seaman, 
1950b). It therefore appears that the enzyme surface of the 
dehydrogenase of Tetrahymena is, in some manner, different 
than that of the mammalian counterpart. Thus, these inhibi- 
itors may be useful as chemotherapeutic agents, if parasitic 
protozoans possess the same type of dehydrogenase as does the 
free-living form. This problem is being investigated at the 
present time. 
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It has been stated above that Tetrahymena does not appear to 
possess the enzyme saccharse; cells obtained from culture media 
containing the components shown in Table 1 do not hydrolyze 
sucrose. However, if cells are gradually adapted to a medium 
in which the sole carbon source is sucrose, the organism de- 
velops the ability to utilize the disaccharide (Seaman and 
O’Malley, 1949). The adaptation period is a long one. The pro- 
cedure employed was to transfer 1 ml. of culture from the com- 
plete medium into 9 ml. of the new culture medium. This 
procedure was repeated through 10 transfers. At that time, 
the inoculum was reduced to 0.5 ml. for 5 additional transfers. 
Five subsequent transfers were then made with 0.1 ml. of inoc- 
ulum. After the twentieth subculture, inoculations were made 
by the loop method. At the twentieth transfer, no contaminants 
from the original culture were present. Chemical analyses 
showed that at this time the organisms actually utilized sucrose 
from the medium. 

As Tetrahymena can be adapted to the utilization of sucrose, 
it can likewise be adapted to growth on depletion medium. It 
has been possible (Seaman, 1950b) to adapt the organism to 
growth in media containing only glucose, acetate, ammonium 
chloride and inorganic salts; vitamins, amino acids and other 
growth factors are omitted from the medium. The adaptation 
process employed is the same as described above for sucrose 
utilization. Growth in such depletion media is not as great as 
in the complete medium. At the end of the adaptation process, 
maximum populations of only 30,000 organisms per ml. are 
obtained; in the complete medium populations of approximately 
200,000 cells per ml. are obtained. 

Adaptation to depletion media may be extended to the stage 
where it is possible to obtain transferable growth in media 
lacking all added sources of nitrogen (Seaman, 1949c). In 
such media the organisms become adapted to the utilization of 
atmospheric nitrogen. In such media, after the twentieth trans- 
fer, gas analyses indicate that the organisms fix one molecule 
of atmospheric nitrogen for each eight molecules of oxygen 


utilized. 
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THE SEQUENCE OF CIRCULATORY, RESPIRATORY AND 
CEREBRAL FAILURE DURING THE PROCESS OF 
DEATH; ITS RELATION TO RESUSCITABILITY* 


H. G. SwaNN AND M. Brucert 


It is a textbook statement that the breathing fails long before 
the circulation (1, 2, 3). Peters and van Slyke say (4) that 
breathing fails 6 or 8 minutes before the circulation, and 
Drinker states in his review (5) that the breathing may cease as 
long as 15 minutes before the heart stops beating. We first 
became doubtful of this conclusion when studying the cardio- 
respiratory behavior of normal dogs made acutely anoxic by 
giving them 2.43 per cent oxygen to breathe. In these experi- 
ments, 41 per cent of dogs continued breathing after “circu- 
latory failure,” using as a criterion thereof the disappearance of 
the palpable femoral pulse (6). Closer examination of this 
phenomenon showed it to be common in several different types 
of anoxic death in dogs. Many dogs continued breathing after 
what was thought to be essentially circulatory failure in acute 
anoxia (7), in progressive anoxia (8), in CO-poisoning (9), in 
obstructive asphyxia (10), and in fresh water drowning (11). 
Indeed, the only type of overwhelming anoxic death in dogs 
in which the breathing consistently fails before the circulation 
is in the fulminating anoxia of breathing pure nitrogen (12). 

The cause for this widespread misapprehension concerning 
the sequence of respiratory and circulatory failure during the 
process of death was suggested by us to be the use of general 
anesthesia in experimental studies (8, 9, 13). If general anes- 
thesia is used, the breathing does, in fact, fail before the circu- 
lation, but if anesthesia is not used, the breathing often con- 
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tinues beyond what was conjectured to be circulatory failure 
in many types of anoxic death of dogs. However, we cannot 
relate the cessation of breathing to the failure of the circula- 
tion until we can define the point at which the circulation fails. 
This definition has never been accurately made. One aim of 
this report therefore is to define circulatory failure in quantita- 
tive terms. 

For the purposes of this paper, we shall define the point of 
circulatory failure as the point during the process of death at 
which the circulation becomes so weak that periodic insufflation 
of O, into the lungs fails to resuscitate the dying animal. In 
one sense, this definition is faulty, because, although circula- 
tion might indeed stop at such a point, the failure might be 
reversible. The circulation might be restored, for example, by 
cardiac massage. But such a definition is the best practical one 
and will be used here in its limited context. 

We have pointed out that during the process of death, seven 
types of anoxic death having been studied (7-13), the circula- 
tion collapses abruptly. At some point during the decline in 
blood pressure, the animal will, presumably, arrive at a con- 
dition where the circulation fails to transport O, from the 
lungs to the rest of the body. In order to define this point 
sharply, two experiments are necessary: in the first it must 
be demonstrated that a certain point during the process of 
circulatory failure, filling the lungs with O, succeeds in revers- 
ing the process; and in the second it must be shown that very 
soon afterwards filling the lungs with oxygen fails to reverse 
the process. These two experiments taken together would ac- 
tually define two conditions during the process of death: the 
first would show the point at which circulatory failure was im- 
minent—the threshold of death from circulatory failure—and 
the second would show that the animal had just passed over 
the threshold and into circulatory failure. Furthermore, al- 
though it were known that the circulation did collapse abruptly, 
it would not be known what component of the blood pressure 
would furnish an index of circulatory failure. This also, there- 
fore, had to be experimentally ascertained. 

The determination of the point of respiratory failure is easy, 
because the breathing has been found to stop suddenly. It does 
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not taper off (7-13). Hence, the time when the breathing stops 
furnishes a sharp definition of respiratory failure. And, once 
the point of circulatory failure is defined, the point of respira- 
tory failure during the death process may be readily related to 
it. 

The onset of cerebral failure, meaning by this term the onset 
of irreversible cerebral insult from the anoxic experience (see 
16), in relation to the onset of circulatory and respiratory fail- 
ure, has also never been determined. But it may be done 
readily by the same general method used for ascertaining when 
circulatory failure is imminent, i.e., by showing that at a cer- 
tain time in the process of death the brain may be completely 
restored to normal function, but that at a time soon thereafter 
a cerebral insult has been done by the anoxic experience. In 
turn, this fact may readily be related to the points of -circula- 
tory and respiratory failure. 

These relations are of great importance in the whole sittin 
of resuscitation, because resuscitation by artificial respiration 
presupposes that during the process of death, the circulation 
continues well beyond respiratory arrest, and that, in turn, an 
anoxic cerebral insult is not done until after circulatory failure. 
Between apnea and the point of circulatory failure, it is gen- 
erally thought (see 5), the lungs may be artificially filled with 
air or O,, thus causing reoxygenation of the pulmonary blood. 
This blood is then circulated through the body and resuscitation 
accomplished. If, however, the circulation were to fail before 
the breathing, even though the alveolar capillary blood were re- 
oxygenated, it would not be circulated, and, presumably, arti- 
ficial respiration would be fruitless. For a successful resusci- 
tation, it must be presumed, also, that the brain does not un- 
dergo an irreversible cerebral insult from the anoxic experience 
until after circulatory failure. But if it fails before then, a re- 
examination of the entire meaning and aim of resuscitation 
procedures will be demanded.’ 





1Birnbaum and Thompson (17) disagree with some aspects of this con- 
cept of resuscitation. On the basis of their experiments, in which they 
claim to demonstrate that “pure nitrogen” may be used to resuscitate 
dogs, they have suggested that the breathing and the circulation may 
stimulated to transient recovery by means other than oxygen, i.e.., by 
means of reflexes, etc. Because we have not been able to confirm their 
results, further consideration of their work will be deferred to another 


report (18) . 
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Four types of fatal anoxia in dogs were selected for study: 
fulminating anoxia, acute anoxia, carbon monoxide poisoning, 
and obstructive asphyxia. It was proposed that the sequence 
of respiratory, circulatory, and cerebral failure be determined 
in these four types of death, and that the general problem of 
resuscitability be then re-examined. These types of death were 
selected because it was already known that there were certain 
critical differences in the behavior during each of them—the 
process of death is by no means the same in each type of ac- 
cident. The terminal cardio-respiratory events in these types of 
fatal anoxia, including the blood pressure, venous pressure, 
electrocardiograms, heart, sounds, breathing, blood gases, pH, 
and blood proteins, have recently been described by us for 
dogs under local anethesia only (7, 9, 10, 12). In several re- 
ports of limited distribution (19, 20, 21) and in one abstract 
(14), we have also reported that the systolic blood pressure 
furnishes a precise index of the circulatory condition during 
the process of death. By examining it, the imminence of circu- 
latory failure may be sharply defined. The present paper will 
amplify and complete the previous studies. 


Methods 


Four types of anoxia were investigated: fulminating anoxia, 
acute anoxia, carbon monoxide poisoning, and obstructive as- 
phyxia. To produce fulminating anoxia, the dogs were given 
pure N, to breathe. The gas used was commercial N,; it was 
contaminated, as measured by our own analyses, by less than 
0.7 per cent O,. To produce acute anoxia, the dogs were given 
2.43 per cent O, in N, to breathe. This gas mixture was made 
by diluting air in a spirometer with N, of known composition. 
To produce CO-poisoning, the dogs were given 1 per cent CO 
in air to breathe. The CO was prepared by generating the pure 
gas from the interaction of sulfuric and formic acids (4) and 
then diluting it with 99 volumes of air. Before use, each of 
these gases was transferred to Douglas bags. The gas was given 
the dogs to breathe by means of a special head mask equipped 
with one-way valves (12); the inhaled gas was breathed from 
the Douglas bag, and the exhaled gas was directed into a re- 
cording spirometer. By means of the latter, the rate and 
volume of the breathing were recorded. 














184 Swann and Bruger 


Obstructive asphyxia was produced, in essentials, by fitting 
a tight rubber glove around the dogs’ heads and aspirating out of 
the glove all the gas which the dogs exhaled. The details are 
as follows: a tight-fitting mask was made of light sheet rubber 
in the shape of a cone. This opened at its small end into a 
short brass tube. The dogs’ heads were thoroughly wet with 
water, and then the mask was slid on, just as a tightly fitting 
glove is put on; the dog meanwhile continued breathing through 
the brass tube. To start the asphyxia, a stopper was inserted 
in the brass tube. Then when the dog exhaled, the expired gas 
was aspirated from the mask through a small tube set in the 
stopper. No air could be inhaled; and the exhaled gas was 
removed from the mask by aspiration. This arrangement 
worked well; because the mask fitted as tightly as a wet glove, 
even strong inspiratory efforts failed to allow air to enter the 
mask. In order to measure the rate and strength of respiratory 
movements, another small tube was inserted in the stopper and 
connected by rubber tubing to a recording pressure transducer 
(see below). By this means, the pressure fluctuations inside the 
dog mask, as caused by respiratory movements, were recorded. 

The blood pressure in both its systolic and diastolic com- 
ponents was recorded by optical methods, employing as the 
pressure transducer a glass Bourdon tube (22, 12). Above the 
recording camera was set a calibrated card in such a position 
that the fluctuations in arterial pressure could be ascertained at 
a glance. We could thus watch the decline in blood pressure 
while records were being simultaneously taken. A second 
Bourdon tube was used to record the respiratory movements. 

In all experiments, the induced anoxia was used as the gen- 
eral anesthetic and‘no other anesthesia was used. When the 
dog became unconscious, a cannula was inserted into the 
femoral artery for the blood pressure recording. 

In other papers, it has been shown that systolic blood pressure 
collapses very abruptly during the circulatory failure induced 
by these types of anoxia (7, 9, 10, 12). It was during this 
abrupt collapse, which was continuously recorded and also 
visually observed in all dogs, that resuscitation of the dogs was 
attempted. At a predetermined point during the collapse, the 
stopper in the dogs’ head masks was withdrawn, a mechanism 
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for pulmonary insufflation was connected (a USAF A-14 Oxy- 
gen Regulator), and the mask then periodically inflated with 
O,. This in turn caused periodic insufflation of the lungs. The 
insufflation pressure was 30 cm. H,O; the rate of insufflation 
was about 20 cycles per minute; the insufflation pressure was 
applied for about one second and then cut off for about two 
seconds, allowing passive collapse of the lungs. With this tech- 
nique the lungs were usually inflated to about the dogs’ vital 
capacities. Frequently, the stomach as well as the lungs was 
inflated; but even so, periodic insufflation was continued. Mean- 
while records of the dogs’ blood pressures were also being taken. 
At the first gasp of the dogs, if one occurred, the insufflation was 
stopped, the dogs were given air to breathe, and the incision 
repaired. If the dog did not gasp, the insufflation was continued 
for a few minutes beyond complete circulatory failure, or, in a 
few cases, for 20 or more minutes beyond circulatory failure. 
Figure 1 shows two blood pressure recordings, one of a failure 
to resuscitate and one of a successful resuscitation. 
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_ Fie. 1. Records of a failure (upper record) and a success (lower record) 
in attempted resuscitation. The times and blood pressures at which insuf- 
flation was started are shown. 


In order to determine the point at which an irreversible 
cerebral insult was done, it was necessary to resuscitate many 
dogs who had progressed beyond the point of cardiac standstill. 
This was done by combining O, insufflation with extrathoracic 
cardiac massage. The O, insufflation was carried out as de- 
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scribed above. The cardiac massage was done, using small 
dogs, by rapidly and periodically squeezing the heart through 
the chest wall. The dogs were placed on their sides; then with 
the fingers and thumbs of both hands on the two sides of the 
chest, the chest was strongly compressed over the region of the 
heart. The rate was about 100 per minute. At the start, this 
induced a blood pressure of about 110/30 in the femoral artery. 
When combined with periodic lung insufflation, it restored 
life in most attempts. 


Results 


A. Fulminating Anoxia. 

Circulatory failure. Table 1 shows the results of periodic O, 
insufflation of the lungs of 50 dogs during the process of death 
from the fulminating anoxia of breathing pure N,. The series 
has been arranged in rank order of systolic blood pressure at 
which the insufflation was started. In the table it is also noted 
whether the attempted resuscitation succeeded or failed’ (i.e., 
whether the dogs lived or died), the diastolic blood pressure 
at the start of insufflation, the time at which the insufflation 
was started, and also some characteristics of the respiratory 
behavior of each dog. The table shows that if the lungs were 
periodically filled with O, when the systolic pressure was 100 
mm. Hg or greater, the maneuver invariably restored life, 
but that if it was done when the systolic pressure had fallen to 
81 mm. Hg or less, the maneuver invariably failed to restore 
life. (In many of the latter experiments, life was not restored 
even though the insufflation was continued for 20 or more 
minutes.) Between the pressure of 100 mm. Hg, and 81 mm. 
Hg, there is an intermediate zone; here the attempted resuscita- 
tion sometimes succeeded and sometimes failed. The first bar 
graph of Figure 2 illustrates these data. It is apparent that if the 
systolic blood pressure has fallen below 81 mm. Hg, the process 
of death has become irreversible with respect to the circulation, 
providing that O, insufflation is to be used as the resuscitating 
procedure. But if the systolic pressure is 100 or greater, the 
process of failure of the circulation is always reversible by peri- 
odic O, insufflation of the lungs. 
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Fic. 2. Use of various criteria to determine the imminence of circulatory 
failure in fulminating anoxia. 


The points of reversibility and irreversibility will be desig- 
nated as the “point of success” and the “point of failure,” mean- 
ing, respectively, the last point at which periodic O, insufflation 
uniformly succeeds in restoring the circulation of all dogs and 
the earliest point at which O, insufflation uniformly fails to 
restore the circulation. In order to allow a margin of safety in 
our quantitation of the two points, we have rounded out the 
exact figures and have added a few millimeters to the point of 
success and subtracted a few millimeters from the point of 
failure. Hence, we conclude that the point of success of O, 
insufflation in N, anoxia is at 105 mm. Hg of systolic pressure 
and the point of failure is at 75 mm. Figure 1 also illustrates 
these points. In the first dog, the attempted resuscitation was 
started at a systolic blood pressure of 85 mm. Hg. It failed to 
restore the circulation. But if it had been started at a systolic 
pressure of 105 mm. Hg, 6 seconds before it actually was 
started, it would have succeeded. 

The time elapsing between the point of success and the point 
of failure is shown for a group of 26 dogs in Table 2. The aver- 
age was 16 seconds; the range was from 7 to 34 seconds. This 
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collapse of systolic blood pressure during the process of death 
is, on the whole, very uniform. Although one cannot predict 
when it will start—it may be at 2 minutes or it may be at 5, see 
Table 1—once it starts, it continues. Sometimes the decline fol- 
lows a very smooth curve; the records in Figure 1 show a decline 
of this sort. At other times, the curve of decline is uneven from 
second to second, as shown in the record illustrated in the com- 
panion paper (Figure 1, 18). Sometimes the pressure falls very 
rapidly and sometimes it falls more slowly, the range in values, 
as indicated in Table 2, being from 7 to 34 seconds. But in 
healthy dogs the pressure does follow, with minor exceptions, 


TABLE 2 


Nitrogen Anozia 
Times for Decline of Blood Pressure and Apnea 





Time (min. and sec.) 








—_——— Sec. for Sec. from 
Systolic Pressure systolic respiratory 
falls to pressure to arrest to 
fall from systolic 
105 75 Respiratory 105 to 75 pressure of 
Dog No. mm. Hg mm. Hg arrest mm. Hg 75 mm. Hg 
B-82 3:59 4:09 2:32 10 107 
B-85 3:29 3:42 2:41 13 61 
C-16 3:12 3:35 1:00 23 155 
C-17 3:55 4:15 2:30 20 105 
C-19 2:26 2:38 1:05 12 93 
C-23 3:13 3:31 1:42 18 109 
C-24 3:35 3:49 2:07 14 103 
C-26 3:51 4:05 2:25 1+ 100 
C-28 3:02 3:11 1:38 9 93 
C-29 3:05 3:20 1:44 15 96 
C-34 3:38 3:51 2:27 13 84 
C-38 3:16 3:30 1:53 14 107 
C-89 3:28 3:47 2:40 19 107 
C-91 2:52 3:06 1:32 14 94 
C-92 3:03 3:15 2:04 12 71 
C-93 3:07 3:20 1:38 13 102 
D-154 2:31 2:50 1:50 19 60 
D-155 2:36 2:58 2:07 22 51 
D-157 2:50 3:16 2:00 26 76 
D-158 2:55 3:08 1:18 13 110 
D-170 4:33 5:01 3:15 28 106 
D-215 2:36 3:10 1:27 34 103 
TE-54 3:49 3:56 3:20 7 36 
TE-56 4:00 4:09 3:45 9 24 
TE-94 3:13 3:20 3:00 7 20 
TE-96 3:40 3:49 3:26 9 23 
EE ee ee eee 16 84 


Ee cin a a2 titi cas 7-34 20-155 
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a pattern of rapid decline. Gross exceptions are very rare: out of 
a total of 365 dogs in which observations have been made, only 
two dogs showed a different pattern. In both of these the systolic 
pressure fell to about 90 mm. for some 30 seconds, then in- 
creased to a high value and then finally declined. 

The collected data furnish the desired definition of the failure 
of circulation: if the systolic blood pressure is allowed to fall to 
105 mm. Hg, then, on the average, using O, insufflation as the 
resuscitating procedure, the dogs are within 16 seconds of 
circulatory failure. We have, by allowing the dog’s systolic 
blood pressure to fall to 105 mm. Hg, “‘pushed”’ the dog to the 
threshold of death from circulatory failure. When the systolic 
pressure declines to 75 mm. Hg, the circulation has failed. 

Table 1 shows that there is great variability in length of sur- 
vival of dogs during fulminating anoxia. In some, the systolic 
blood pressure falls to about 100 at 24% minutes; in others it 
falls to 100 at 414, or even 5, minutes. But the absolute dura- 
tion of the anoxia is irrelevant in determining the dog’s resus- 
citability. If, for example, we arrange in rank order the times 
at which insufflation was started, just as we have done for 
systolic pressures, and then by inspection determine whether 
there is a line separating successes and failures, we find that 
there is no sharp line of demarcation. The third bar graph of 
Figure 2 illustrates this treatment of the data. Successes and fail- 
ures are distributed at random between 214 and 414 minutes. 
Therefore, the duration of the anoxia is irrelevant. The criti- 
cal change obviously lies in the circulation. 

Table 1 also shows the diastolic blood pressure of the dogs 
when the O, insufflation was started. But this may not be used 
to define the onset of circulatory failure with the sharpness of 
the definition furnished by the systolic pressure. Treating the 
data for diastolic blood pressure in exactly the same way as we 
have done for systolic pressure and for elapsed time, we find 
that there is no sharp point during the decline in diastolic blood 
pressure at which the animal comes to a condition of non-re- 
suscitability. The second bar graph of Figure 2 illustrates this 
graphically. It shows that the attempted resuscitation failed 
in some dogs with diastolic pressures of 65 mm. Hg, and, 
furthermore, it succeeded in some dogs with diastolic pressures 
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of 35. Obviously, the systolic blood pressure furnishes a much 
sharper criterion of the imminence of circulatory failure than 
does the diastolic blood pressure. Using the same method (the 
details of proof need not be given here, although they may be 
extracted from Table 1), adequate signs of the imminence of 
circulatory failure are furnished by neither the pulse pressure 
nor the average blood pressure. 

Respiratory failure. Table 2 shows that in this type of anoxia 
the breathing always fails before the circulation. Taking a sys- 
tolic blood pressure of 75 mm. Hg as criterion of circulatory 
failure, the last gasp occurred on the average 84 seconds before 
failure, with a range of 20 to 155 seconds. Resuscitation with 
O, insufflation, therefore, saved these dogs’ lives well after 
apnea had occurred. 

Schwerma, Ivy, Friedman, and La Brosse (23) have used one 
change in the pattern of terminal breathing as an index that 
dogs are on the point of death in CO-poisoning; they took the 
“first gasp of air hunger” for this index. But our data show 
that, in fulminating anoxia, the breathing cannot be related in 
any constant way to circulatory failure. Table 1 shows several 
characteristics of the respiratory behavior; the time of cessation 
of eupnea (12), the time of the “first gasp of air hunger” (the 
first gasp after the cessation of eupnea), and the time of the last 
gasp. When these times are arranged in rank order, just as has 
been done for the systolic blood pressure, and then these are 
inspected to see whether there is a sharp division betwen suc- 
cesses and failures in restoring circulation, we find that there is 
no sharp division. Figure 2 illustrates the treatment of the 
data for the last gasp. Similar treatment of the data for cessa- 
tion of eupnea and the “first gasp of air hunger” give the same 
negative result (see Table 1). It is apparent that the respira- 
tory behavior is not related in any clear-cut way to the circu- 
latory failure. It is also apparent that the respiratory behavior 
may not be employed to predict the resuscitability of the dogs 
or to tell whether they are on the point of death when O, in- 
sufflation is being used as the resuscitating maneuver. A\l- 
though it is said that the “first gasp of air hunger” can be so 
used in CO-poisoning, this is not true for fulminating anoxia. 
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Cerebral failure. In these experiments, if the circulation 
was restored by the insufflation, breathing invariably returned 
and the animal lived; recovery was rapid and uneventful. The 
day after the experience, the dogs were lively, of good ap- 
petite, and apparently entirely normal. Obviously, no perma- 
nent cerebral insult was done by the anoxic experience. It is 
apparent, therefore, that in this type of anoxia, the circulation 
fails well before any irreversible cerebral insult is done. 

In order to determine the duration of fulminating anoxia 
which causes an irreversible cerebral insult, dogs were resus- 
citated with O, insufflation and cardiac massage, as described 
above, at various times after the onset of breathing pure N.. 
Table 3 shows the results. If the dog was resuscitated after 


TABLE 3 


Nitrogen Anozia 


Onset of Cerebral Insult 








Time of 
Starting Days 4 

Dog No. Resuscitation Surviving Remarks 
ER Ea POP er en A 4:48 "' 

| ES ee 5:02 i 
A ae eae es 5:16 i 
See eee §:29 i 
ee ery ae ee 5:23 i Blind 
EN Si covey acd Nin'p od tlb oles s 5:34 i 
RRNA Oe Ss Sd 5:45 2 

ER estes Litraronceorar eee 6:00 i 
ES Si Sere ee 6:00 i Blind 
2 i OR Oe ee ee een ee 6:10 1 

Ma it hak: dais a ainda 6:28 1 

NS his oc Me oeiy ts 6:30 1.5 

Se re ee 6:30 2 

eh ci esa ed wna sieve 6:30 1.5 
RR Pe reree 6:36 0.2 

Se SS Sere 6:40 0.5 

| SRR Car eee 6:45 1.5 





*i indicates survived indefinitely. 


5% minutes of anoxia, it recovered completely. In many of 
these dogs, return to normality took several days. They were 
first comatose and ataxic, but then started on the road to re- 
covery. For several days, often, it was necessary to hand-feed 
and carefully nurse them. But eventually, all of these dogs 
recovered and appeared, on close examination, to be entirely 
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normal. One exception is dog D-133; it was permanently 
blinded by the experience. But if the dogs were allowed to 
experience 614 minutes, or more, of anoxia, complete recovery 
never occurred. The dogs just after the experience were coma- 
tose and ataxic; usually, they were never able to stand again. 
They were usually blind and deaf and refused to seek food or 
drink water spontaneously. In spite of careful nursing, adequate 
hand feeding, and administration of fluids, these dogs all event- 
ually succumbed. None of them, in fact, lived over 48 hours. 
This is the same kind of behavior that has been described by 
Weinberg, Gibbon and Gibbon (24) and by Kabat, Baker, and 
Grenell (25). The dogs were, obviously, so damaged by 614 
minutes, or more, of anoxia that an irreversible cerebral insult 
was done. We may, therefore, set the “point of success” for 
cerebral recovery at 514% minutes of fulminating anoxia and 
the “point of failure” for cerebral recovery at 614 minutes 
afterwards. An irreversible cerebral insult takes place at ap- 
proximately 3 minutes after circulatory failure (see Table 2), 
and approximately 4 minutes after respiratory arrest (see 


Table 2). 


B. Acute Anoxia 

Circulatory failure. The same technics were used in de- 
termining the points of success and failure of periodic O, in- 
sufflation in the acute anoxia caused by giving dogs 2.43 per 
cent O, in N, to breathe. As Table 4 shows, the O, insufflation 
uniformly succeeded if the systolic blood pressure was 82 mm. 
Hg or greater but uniformly failed if the systolic blood pressure 
was below 62 mm. (Young pups may occasionally be resus- 
ciated at lower pressures than this, see 20). The point of suc- 
cess therefore, giving a small margin of safety to the estimate, is 
90 mm. Hg, and the point of failure is 55 mm. Again (the 
proof need not be elaborated here; see Table 4) neither the dias- 
tolic pressure, nor the pulse pressure, nor the average ‘blood 
pressure may be used to predict the imminence of circulatory 


failure with accuracy. 
Table 4 indicates the great variability in survival time of 
dogs breathing 2.43 per cent O., in dog No. A-127, the circula- 
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tion failed at about 414 minutes, whereas in No. A-133, the 
circulation failed at about 21 minutes. But it is apparent that, 
regardless of the duration of the acute anoxia, when the sys- 
tolic pressure declined to 90 mm. Hg, the circulation was on 
the point of failing, and when it declined to 55 mm., it had ac- 
tually failed. It is the state of the circulation that determines : 
resuscitability with O, insufflation and not the elapsed time. 


TABLE 4 
2.43% Os 
Oxygen Insufflation 





Start O, Insufflation 








at 
Live 
(+) Systolic Diastolic Breathing 
or Die Pressure, Pressure, When 
Dog No. (—) mm. Hg mm. Hg Time Start? 
E-52 = 105 60 5:43 o~ 
E-50 +> 103 42 7:48 0 
E-51 + 100 50 5:45 0 
B-58 _ 4 23 18:40 a 
D-60 aa 91 30 9:09 0 
D-67 90 23 8:55 + 
E-54 + 84 42 8:23 0 
D-53 - 82 29 6:47 0 
D-54 — 82 20 16:29 + 
E-53 - 80 43 5:59 0 
A-125 — 80 23 15:25 + 
B-14 + 78 17 8:21 + 
A-132 -- 78 22 16:04 + 
E-49 — 76 +4 5:57 0 
B-59 _ 73 25 5:06 -~ 
B-60 - 70 15 11:45 0 
A-151 — 70 34 5:23 + 
B-61 65 20 6:59 + 
A-126 + 63 26 7:00 0 
D-123 a 62 1 10:33 0 
B-62 - 52 17 7:04 0 
B-63 — 52 20 13:42 os 
B-20 50 13 7:03 0 
B-64 — 47 25 9:15 0 
A-134 47 20 10:18 0 
D-57 40 16 11:08 0 
A-127 38 20 4:35 0 
B-13 — 35 14 8:26 0 
B-12 34 15 17:49 a 
A-144 32 14 18:15 + 
A-143 — 28 13 6:10 0 
A-133 — 27 17 20:57 0 
A-136 — 24 15 10:00 0 
A-135 ~- 23 14 9:15 0 
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The time elapsing between the point of success and the point 
of failure is shown in Table 5. It averaged 16 seconds, with a 
range of 2 to 40 seconds. Again, therefore, with this method, 
when we allow the dogs’ systolic blood pressure to fall to 90 
mm. Hg, providing O, insufflation is to be used as a resuscitat- 
ing procedure, the animal’s circulation will proceed into an ir- 
reversible state in 16 seconds; we have “pushed” the dogs to a 
point 16 seconds away from a circulatory death, the point of 
circulatory failure being at 55 mm. Hg. 


TABLE 5 
o/ 
2.43% Oz 


Times for Decline of Blood Pressure and Apnea 





Time Systolic 
Pressure Falls 








to 90 from 90 Last Gasp 
mm. Hg to 55 

Dog No. min. &sec. mm. Hg, sec. Time Blood Pressure 
A-94 18:29 15 18:46 45 / 24 
A-117 8:41 I+ 8:54 52/25 
A-133 20:18 23 19:30 200/100 
A-136 9:14 9 8:55 200/70 
A-144 18:00 11 18:08 60/20 
A-145 4:58 22 5:28 45/20 
B-12 17:07 17 17:35 50/20 
B-13 13:24 40 13:15 122/35 
B-24 15:17 12 15:30 61/20 
B-26 10:40 2 10:50 48/22 
B-27 12:02 21 . 11:12 150/30 
B-30 10:19 9 10:05 165/31 
B-32 11:59 11 11:50 137/70 
B-34 12:17 10 11:47 175/110 
B-48 12:24 21 12:40 76/25 
B-49 15:33 14 15:40 72/27 
B-50 32:41 12 32:11 110/65 
B-51 8:08 15 6:55 206/105 
B-55 14:10 16 13:32 138/49 
B-66 7:25 17 7:25 92/34 
B-67 7:04 19 7:10 82/36 

Average ...... 16 

OS eee 2-40 





Respiratory failure. Table 4 also shows that many dogs were 
still breathing when the insufflation was initiated. In the table, 
the meaning of the phrase “breathing when start” is that, when 
the accompanying notation is plus, the dog took a breath within 
10 seconds before the insufflation was started. In 18 dogs, the 
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attempt to resuscitate failed. But 6 of these—a third—were still 
breathing when the insufflation started. In spite of this, they 
died. Another aspect of this phenomenon is shown in Table 5, 
in which there is indicated the blood pressure at which the last 
gasp of each dog was made. Ten out of 21 dogs were still 
breathing when their systolic blood pressure had declined below 
90 mm. Hg; about half of this group, therefore, continued 
breathing after they had passed the threshold of circulatory 
failure. We may conclude that circulatory failure frequently 
precedes respiratory failure in acute anoxia. Also, it is apparent 
that the breathing cannot be used, except as a very rough meas- 
urement, to predict when the circulation will fail. 

Cerebral failure. Invariably, if the circulation was restored, 
the dogs recovered. There was perhaps a tendency for recovery 
to be slower than after fulminating anoxia, but within a few 
days, the dogs appeared to be entirely normal. Evidently, 
circulatory failure precedes the irreversible cerebral insult 
which may be done by the anoxia. 

To determine exactly the point at which an irreversible cere- 
bral insult was caused by the anoxic experience, the dogs were 
resuscitated after circulatory failure by means of periodic O, 
insufflation and cardiac massage. Table 6 shows the results 


TABLE 6 
2.43%, Ox 
Onset of Cerebral Insult 





Resuscitation started at: 





Seconds after 
systolic blood 


pressure fell Blood Days 
Dog No. Age to 55 mm. Hg Time Pressure Surviving 
B-39 Adult 43 8:44 16/33 2 
E-193 Adult 55 6:42 22/15 1 
E-194 Adult 58 10:19 13/13 3 
E-196 Adult 58 8:20 26/18 4 
E.-43 Adult 60 13:32 15/13 3 
E-5 Adult 61 9:00 15/15 a. 
E-35 Adult 61 18:53 15/12 1 
E62 Adult 86 8:30 17/17 + 
B-453 Pup 16:19 92/26 2 
B42 Pup 7:04 82/20 + 
A-113 Pup 14:56 80/37 7 
B49 Pup 5:06 73/25 2 
B-60 Pup 11:45 70/15 7 





*Survived indefinitely but blind and ataxic. 
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for 8 adult dogs. If the dogs were resuscitated one minute after 
the systolic blood pressure had declined below 55 mm. Hg, they 
showed, with one exception, the same sort of behavior observed 
in dogs which were resuscitated after 614 minutes of fulminat- 
ing anoxia: coma, ataxia, and finally death. Careful nursing 
care did not mitigate the condition. Obviously, the dogs were 
so long exposed to the anoxia that an irreversible cerebral insult 
was done. In acute anoxia, the point of success for cerebral 
recovery is at the time when the systolic blood pressure de- 
clines to 90 mm. Hg; the point of failure occurs at 60 seconds 
after the systolic pressure falls to 55 mm. Hg. Since we know 
(Table 5) that it takes about 16 seconds for the systolic pres- 
sure to decline from 90 to 55, it is evident that the points of 
success and failure are separated by 60 plus 16 seconds, or 76 
seconds. Pups are evidently damaged by the experience even 
sooner than adult dogs, as Table 6 also shows. All of 5 pups, 
about 6 months old, which were resuscitated when their systolic 
blood pressures were between 92 and 70 mm. Hg experienced 
an anoxic cerebral insult. 

It is apparent that the damage to the central nervous system 
takes place much sooner in this type of anoxia, with respect to 
circulatory failure, than it does in fulminating anoxia. It 
occurs in pups simultaneously with circulatory failure, and it 
occurs in adults about 80 seconds after circulatory failure. 
Furthermore, although dogs show a great variability in survival 
during this type of anoxia, the duration of the anoxia appears 
to be irrelevant in influencing the incidence of cerebral insult. 
Some of these dogs were anoxic for only 7 or 8 minutes and 
yet were profoundly damaged by the experience. But other 
dogs (see Table 4) were anoxic for 15 or 20 minutes and yet 
did not experience an irreversible cerebral insult. The insult 
follows circulatory failure by roughly a minute, regardless of 
the duration of acute anoxia. 


C. Carbon Monoxide Poisoning 


Circulatory failure. By employing the same methods on dogs 
breathing 1 per cent CO in air, the points of success and failure 


of periodic O, insufflation were found, Table 7 shows the re 
sults: if the systolic blood pressure was 95 mm. Hg, or greater, 
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TABLE 7 


Carbon Monoxide 


Poisoning Oxygen Insufflation 








Start O, Insufflation 
at 














Live — 
(+) Systolic Diastolic 
or Die Pressure, Pressure, 
Dog No. (—) mm. Hg mm. Hg Time 
D-111 + 158 45 10:18 
D-110 - 166 58 10:06 
B-121 + 156 40 11:32 
B-122 156 23 20:06 
D-106 — 152 16 25:16 
D-104 + 150 38 22:16 
B-124 _ 141 19 11:16 
B-130 + 140 20 12:01 
D-113 + 138 42 19:02 
D-86 + 133 23 13:42 
B-119 + 132 25 15:56 
B-120 + 131 31 28:44 
B-95 - 130 25 17:19 
D-85 + 124 18 17:20 
D-89 + 121 20 18:02 
D-94 + 119 29 13:30 
D-88 _ 118 33 20:15 
D-101 + 106 +0 21:48 
D-93 _ 105 17 15:37 
B-142 + 95 26 26:13 
D-79 — 92 22 22:45 
D-87 ~—- 88 18 19:19 
D-78 + 88 21 20:30 
B-123 = 88 18 15:35 
B-93 + 87 10 34:46 
B-132 + 80 38 11:37 
B-96 + 80 12 21:29 
D-80 — 76 18 23:33 
B-94 — 67 22 29:30 
D-75 a 56 21 21:24 
B-141 + 53 19 14:07 
D-114 + 52 21 22:52 
D-72 — 51 17 33:03 
D-76 a 45 18 21:24 
D-117 + +4 24 11:35 
D-84 — 37 16 20:25 
B-143 — 35 16 20:58 
D-71 - 33 13 25:20 
D-119 - 31 10 28:48 
D-120 oo 30 13 15:23 
B-145 - 30 15 20:42 
B-144 —- 25 12 13:27 
B-146 — 20 5 17:18 


Breathing 
When 


Days 
Start? Surviving 





SOSHH St SSSSH++OSHFH+ SF O44 0444444444 CSF+4+4+444 OF4+ 


NOWKRND™ON™ OAD ROW: 


_ 
nr 





*Indicates survived in good health indefinitely. 
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the insufflation uniformly succeeded in restoring the circula- 
tion; if it was below 44 mm., the insufflation always failed. The 
point of success, therefore, is taken to be 100 mm. Hg of sys- 
tolic blood pressure and the point of failure 40 mm. Invariably, 
if the circulation was restored, respiration returned. Again, the 
method served to bring all dogs to a common basis of compari- 
son, even though survival times varied greatly. Neither the 
diastolic blood pressure, nor the pulse pressure, nor the average 
blood pressure served to define the imminence of circulatory 
failure with accuracy (see Table 7). The exceedingly low dias- 
tolic blood pressures characteristic of CO-poisoning (9) are 
evident in this table; no less than 8 dogs were resuscitated after 
their diastolic blood pressure had fallen below 20 mm. Hg. 


Table 8 shows that the time elapsing between the points of 
success and failure averaged 32 seconds, with a range of 13 


TABLE 8 
CO Anozia 
Times for Decline of Blood Pressure and Apnea 

















Time Systolic 
Pressure Falls 
Last Gasp 
to 100 from 100 
mm. Hg to 40 Blood 
Dog No. min. & sec. mm. Hg, sec. Time Pressure 
B-102 18:55 37 18:22 143/22 
B-104 16:16 19 16:15 100/30 
B-105 15:45 +0 15:18 120/20 
B-107 20:08 32 20:07 106/20 
B-108 12:48 53 12:35 116/23 
B-110 23:51 21 23:54 95/22 
B-112 20:26 75 20:59 50/25 
B-113 15:00 37 15:25 55/30 
B-115 17:48 24 17:20 175/35 
B-120 28:55 24 28:44 140/35 
B-123 15:29 21 15:38 96/24 
B-136 24:08 25 24:17 60/16 
B-137 17:24 13 16:55 110/32 
B-138 11:06 33 10:34 140/20 
B-139 14:06 34 14:22 58/10 
B-140 22:14 16 22:05 123/24 
B-143 20:23 20 19:46 142/26 
B-144 12:25 42 12:01 112/30 
TE-108 15:03 33 15:42 30/9 
TE-110 18:00 20 18:07 71/50 
TE-112 23:42 45 24:19 40/8 
TE-114 14:38 33 14:38 100/18 


ee 13-53 
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to 53 seconds. The method, then, defines the threshold of cir- 
culatory failure in CO-poisoning; with it, when we allow the 
dogs’ systolic blood pressure to fall to 100 mm. Hg, we have 
“pushed” the dogs to within 32 seconds of a circulatory death. 
Circulatory failure occurs when the systolic pressure declines to 
40 mm. Hg. 

Respiratory failure. The breathing often persisted after the 
circulation had failed. Table 7 shows that out of 14 failures to 
resuscitate, 5 dogs were still breathing when the insufflation 
was started; their circulation had failed and, consequently, 
their own respiratory efforts were fruitless. As shown in Table 
8 in additional data on the same point, 9 of 22 dogs were still 
gasping after the systolic pressure had declined below 100 mm. 
Hg, i.e., beyond the threshold of circulatory failure. The se- 
quence of failure is the same as in acute anoxia, with circula- 
tory failure preceding respiratory failure in about a third of 
the dogs. These data also show that the pattern of the breathing 
in CO-poisoning cannot be used for predicting circulatory 
failure, except in a very rough way. 

Cerebral failure. Table 7 indicates, under the column headed 
“Days Surviving,” that 22 of 29 dogs which were resuscitated 
subsequently died. This delayed death occurred after 0.1 to 14 
days. Sometimes these dogs never emerged from coma. Often, 
for a day or so after the experience, they appeared entirely 
normal, ate well, etc., but then they became stuporous and 
ataxic, then comatose, and then they finally died—all of this 
in spite of artificial feeding and careful nursing. This same 
phenomenon was also observed frequently in the experiments 
of Schwerma, Friedman, Ivy, and La Brosse (23), who were 
investigating resuscitation of dogs from poisoning with 0.3 
per cent CO. From our experiment, and their’s as well, it is 
apparent that an irreversible cerebral insult is frequently done 
in this type of anoxia before circulatory and respiratory failure. 
In our experiment, it happened in three-quarters of the tests. 


D. Obstructive Asphyxia 

Circulatory failure. The points of success and failure of 
periodic O, insufflation were ascertained for obstructive as- 
phyxia with the same methods. Table 9 shows the results: if the 
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systolic blood pressure was 99 mm. Hg or more, the insufflation 
uniformly succeeded in restoring the circulation; if the pressure 
had fallen to 51 mm. or less, the maneuver uniformly failed. 
The point of success is thus experimentally defined as 105 mm. 
Hg of systolic pressure and the point of failure as 45 mm. Hg. 
Invariably, if the circulation was restored, the dogs recovered. 


TABLE 9 
Obstructive Asphyzia 
O: Insufflation 








rat ) Systolic Diastolic Breathing 
or Die Pressure, Pressure, When 
Dog No. (—) mm. Hg mm. Hg Time Start? 
F-152 oa 114 18 6:27 0 
F-155 113 33 4:46 + 
F-37 +- 110 49 4:38 “+ 
F-40 a 108 49 5:36 0 
F-50 + 106 30 6:15 0 
F-151 = 105 +0 6:22 0 
E-232 ~ 102 42 4:45 0 
F-36 a 102 45 7:45 + 
F-39 + 101 42 4:47 + 
F-16 _ 99 ++ 5:05 + 
F-28 = 90 37 5:23 ? 
F-26 — 81 39 6:56 + 
F-33 + 78 42 4:07 ? 
E-236 + 76 39 6:03 ? 
F-61 _- 76 45 4:03 0 
F-32 — 75 30 5:11 0 
F-38 — 75 +0) 5:39 0 
F-24 -~ 74 37 4:46 + 
F-81 + 74 45 4:27 0 
F-59 + 70 52 5:40 0 
F-25 — 67 27 4:48 0 
F-49 -- 65 30 5:37 > 
E-234 + 60 32 4:56 0 
F-44 — 60 38 5:53 0 
F-45 -- 60 20 6:02 + 
F-15 — 56 33 5:48 + 
F-48 — 54 20 6:18 a 
F-42 + 52 28 6:14 + 
F-14 — 52 23 6:44 0 
F-60 —- 51 28 5:15 0 
F-13 — 50 25 5:00 o 
F-80 — 50 22 5:08 0 
F-83 — 48 26 5:46 a 
F-82 —- 48 24 5:37 0 
F-84 — 47 30 6:07 0 
F-12 — 42 21 5:28 + 
F-62 — 37 22 5:18 0 
F-46 — 35 28 5:27 + 
F-47 — 35 14 4:53 0 
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Recovery was rapid; within a few hours the dogs had returned, 
apparently, to complete normality. 

Other physiological changes during the transition from life to 
death failed to furnish a sharp definition of the imminence of 
circulatory failure: neither the diastolic pressure, nor the 
pulse pressure, nor the average pressure, nor the arrest of 
breathing movements furnished quantitative information con- 
cerning the imminence of circulatory failure within the narrow 
range that is desired (Tables 9 and 10). 

Table 10 shows that the time elapsing between the points of 
success and failure averaged 28 seconds, the range being 13 to 


Tasie 10 
Obstructive Asphyxia 
Times for Decline of Blood Pressure and Apnea 




















Time Systolic 
Pressure Falls 
- Last Gasp 
from 105 
to 105 to 45 Blood 
Dog No. mm. Hg mm. Hg, sec. Time Pressure 
F-12 5:03 32 5:21 85/20 
F-14 6:21 39 6:33 68/25 
F-15 5:19 37 5:41 65/30 
F-46 4:48 28 5:23 36/25 
F-47 4:29 18 5:00 25/12 
F-48 5:54 27 6:38 28/13 
F-49 5:11 38 5:34 62/38 
F-53 4:10 13 4:24 40/15 
F-60 4:48 32 5:01 82/35 
F-61 3:54 23 4:15 48/37 
F-64 2:34 26 4:19 8/8 
F-66 6:21 33 6:21 100/42 
F-67 4:20 17 4:23 60/21 
F-68 . 3:51 30 4:20 46/22 
F-71 4:24 27 4:43 55/28 
F-80 4:48 26 4:57 76/30 
F-82 5:13 37 5:07 102/35 
F-83 5:19 28 5:57 30/20 
F-84 5:39 29 6:15 45/30 
F-85 3:51 9 2:24 112/50 
Average ....... 27 
"=" ae 9-39 





39 seconds. When the systolic blood pressure falls to 105 mm. 
Hg, therefore, the animals are just on the threshold of circula- 
tory failure: 28 seconds later, on the average, when their sys- 
tolic pressures decline to 45 mm., they will have passed into 
a state of circulatory irreversibility, all the while providing 
that O, insufflation is to be used as the resuscitating maneuver. 
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Respiratory failure. The dogs were frequently breathing, i.e., 
making gasping movements, when the attempt to resuscitate 
started, but even so, the attempt failed. As shown in Table 9, 
defining the breathing, as has been done above, as functioning 
if the dog gasped within 10 seconds before the start of the in- 
sufflation, out of 21 dogs in which the insufflation failed, 8 dogs 
were still breathing when the insufflation was started. These 
data show again that, as in two other types of anoxic death, one- 
third of the dogs are still breathing when the circulation has 
failed. Table 10 shows another aspect of this datum: it gives the 
blood pressure at which the last gasping movement of the dogs 
was made. Seven out of 19 dogs were gasping when their systolic 
blood pressure had fallen to 45 mm. Hg or less. In one extreme 
case, number 64, gasping continued for over a minute after 
the circulation had failed. 


TABLE 11 
Obstructive Asphyzia 
Onset of Cerebral Insult 





Resuscitation started at: 








Minutes after 
systolic blood 
pressure fell Days 
Dog No. to 45 mm. Hg Time Surviving Remarks 
F-169 1% 6:28 i* 
F-172 1% 7:15 5 
F-166 1% 7:51 i 
F-168 1% 8:39 i 
F-167 1% 8:43 i 
F-170 1% 9:00 i 
F-171 1% 9:40 i 
F-127 2 7:00 i 
F-126 2 7:14 i 
F-121 2 7:23 i 
F-89 2 7:49 3 
F-120 2 8:19 i 
F-164 $ 8:29 i 
F-128 2 8:52 i Blind, demented 
F-124 2 9:03 i 
F-129 2 9:25 i 
F-131 2 9:44 i 
F-111 3 7:02 7 
F-110 3 7:35 6 
F-103 3 7:49 1 
F-101 3 8:55 i Blind 
F-116 3 9:02 % 
F-91 3 9:53 5 





*i indicates survived in good health indefinitely. 
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Cerebral failure. An irreversible cerebral insult is done in 
obstructive asphyxia at 3 minutes after circulatory failure as 
Table 11 shows. Six dogs were resuscitated by periodic oxygen 
insufflation and cardiac massage at 3 minutes after the systolic 
blood pressure had fallen to 45 mm. Hg. Five of the 6 died 
after 34 to 7 days, showing the typical symptoms of anoxic 
decerebration that have been described for the three other types 
of anoxia: coma, ataxia and death in spite of careful nursing. 
One dog of this group survived indefinitely but was perma- 
nently blind. On the other hand, if only 2 minutes elapsed be- 
tween circulatory failure and resuscitation, most dogs survived 
indefinitely (Table 11). Of 9 dogs so tested, 7 recovered com- 
pletely; one however was permanently blind and inclined to 
fits of barking and hyperexciteability and another died 3 days 
after the experience in spite of good nursing care. It is apparent 
that the point of success with respect to cerebral damage in 
obstructive asphyxia may be set at 2 minutes beyond circula- 
tory failure, while the point of failure, at which an irreversible 
cerebral insult is done, is 3 minutes beyond circulatory failure. 
Because the breathing fails in obstructive asphyxia at roughly 
the same time as the circulation, we may conclude that an irre- 
versible cerebral insult is done some 3 minutes after the breath- 
ing fails. 

Very occasionally, an irreversible cerebral insult appears to 
have been done in this type of anoxic death earlier than the 
points we have defined above. As Table 11 shows, when the 
dogs were resuscitated at 114 minutes after circulatory failure, 
one dog out of 7 experienced the irreversible cerebral insult 
The cause for the anomalous behavior still remains unknown. 


Discussion 


By defining experimentally the systolic blood pressure at 
which O, insufflation uniformly succeeds and at which it uni- 
formly fails to restore the circulation, it has been demonstrated 
that, for dogs, the systolic blood pressure furnishes a sharp 
criterion of the imminence of circulatory failure in fulminating 
anoxia, in acute anoxia, in CO-poisoning, and in obstructive 
asphyxia. It has been shown that when this pressure is allowed, 
during the process of death, to fall to, respectively, 105, 90, 
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100, and 105 mm. Hg, then periodic O, insufflation always 
succeeds in restoring life. But when the systolic blood pressure 
is allowed to fall to, respectively for the four types of anoxia, 
75,, 55, 40, and 45 mm. Hg, the O, insufflation always fails. The 
times elapsing between the points of success and failure are 16, 
16, 32, and 25 seconds, respectively. In round figures, we may 
say that the point of success is 100 mm. Hg, and the point of 
failure is 50 mm., with about 20 seconds elapsing between them. 
This fact furnishes a quantative definition of circulatory failure 
in these types of anoxia. 

It must be noted that the actual physiological process which 
is so rapidly failing at these points of change in systolic blood 
pressure is not defined in these experiments. Rather, this is an 
empirical criterion only. It gives a sharp prediction of the im- 
minence of circulatory failure which other blood pressure or 
respiratory changes will not give. Neither the diastolic blood 
pressure, the pulse pressure, the average blood pressure, nor the 
breathing furnishes an accurate measure of the imminence of 
circulatory failure in the four types of anoxia studied. The em- 
pirical quality of the criterion is recognized. As pointed 
out previously, for example, the measuring device used in 
these experiments gives “systolic pressures” some 10 to 20 
mm. Hg lower than a more exact measuring device would 
record (12). But regardless of this fact, the criterion works 
well because it allows us to “push” the animals to within a 
few seconds of death, and it gives an accurate definition of the 
status of the dogs’ circulation. 

The changing systolic blood pressure is here taken only as a 
sign of the approach and onset of circulatory failure; the mini- 
mum effective circulation is shown to be the one concomitant 
to a systolic blood pressure of 100 mm. Hg. This holds true for 
four types of anoxia: the fulminating anoxia of breathing N., 
the acute anoxia of breathing 2.43 per cent O,, CO-poisoning 
and obstructive asphyxia. In all four types, the critical change 
was at about 100 mm. Hg, the data being quite uniform on this 
point. Because of the uniformity, we conclude that some criti- 
cal change in the circulation of the anoxic animal takes place 
at this pressure; whether the process of death is asphyctic or 
acarbic, whether it is fast or slow, whether respiratory failure 
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precedes or follows circulatory failure, whether or not irrevers- 
ible cerebral damage occurs—all appear immaterial to the 
critical circulatory change. That the circulation is on the thresh- 
old of failure at a systolic pressure of about 100 mm. Hg is 
the cardinal fact. Because this constant finding holds for these 
four types of death, it is a reasonable hypothesis that it holds 
for other types of anoxic death as well, e.g., progressive anoxia 
or salt water drowning. Exceptions, however, must be antici- 
pated in conditions where ventricular fibrillation is common, 
such as electric shock or fresh water drowning (11). In these 
accidents the circulatory failure during the process of death dif- 
fers qualitatively and hence resuscitability will also be found to 
differ qualitatively. The conclusion also probably cannot be 
applied to death from disease, for in this circumstance the 
process of death is usually complicated by drugs, pulmonary 
deficiency, cardiac weakness, etc. The conclusion which we 
have made is primarily drawn for the healthy animal over- 
whelmed by certain anoxic accidents. 

There are two main possibilities as to the site of the critical 
circulatory failure; the anoxia may cause failure of the myo- 
cardium, or it may cause failure of the peripheral vascular sys- 
tem. Thus, resuscitation might either restore a failing cardiac 
contractility, or it might restore a failing periphery, e.g., it 
might reverse a violent general vasodilation. A general vaso- 
dilation appears unlikely, however, for this reason: it has been 
found easy to resuscitate the dogs after circulatory failure by 
means of extrathoracic cardiac massage and pulmonary in- 
sufflation. The massage, when first started, produces blood 
pressures of about 110/30 (see Methods). But it is felt that 
pressures of this magnitude could never be produced if there 
were a violent general vasodilation. Therefore, probably a 
violent vasodilation does not occur. Hence, at present, we favor 
the hypothesis that it is primarily the heart which is failing 
from the anoxia. 

At the point of failure, the systolic pressure being 50 mm. 
Hg, diastolic pressures were about 20 (see Tables 1, 4, 7, and 
9). Now myocardial capillary flow is proportional to the sys- 
temic blood pressure (3), and blood flow through the heart 
muscle, although much reduced at this low blood pressure, must 
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still have been fair. At this blood pressure or less, for example, 
observed in exsanguination, dogs live (e.g., they continue breath- 
ing) for 9 to 20 minutes (13). Hence, it seems probable that if 
oxygenated blood came to the aortic sinuses, it would be cir- 
culated by the pressure of 50/20 through the myocardial capil- 
laries and recovery would occur. But the added and critical 
complication is that the dogs were strongly anoxic; the blood 
pressure in these dogs is not maintained at 50/20 for long, but 
rather, it is very rapidly declining towards zero. Hence, it is 
thought that the failure to restore the heart is a matter of avail- 
able time: the newly-oxygenated blood is not circulated from 
the alveolar capillaries through the left heart to the myocardial 
capillaries before the systemic pressure falls far lower than 
50/20. In fact, by the time that newly-oxygenated blood comes, 
say, to the aortic sinuses, the blood pressure has fallen essen- 
tially to zero, and consequently, reoxygenated blood is never 
forced into the myocardium. This is thought to be the critical 
reason why, when the systolic blood pressure falls to 50 mm., 
filling the lungs with oxygen fails to restore the heart and blood 
pressure. (This whole discussion presumes that reoxygenation 
is the primary aim in restoring the circulation. The formal 
proof of this will be presented in another paper, at which time 
the experiments of Birnbaum and Thompson, 17, will be dis- 
cussed. ) ‘ 

It came as somewhat of a surprise to us that the critical 
circulatory change is best indicated by the systolic blood pres- 
sure. It was anticipated that the diastolic pressure, or perhaps 
the average pressure, would furnish the best index, since coro- 
nary blood flow is more directly proportional to these pressures 
than it is to systolic blood pressure (26). But such was not 
the case. 

These data have a strong bearing on the problem of artificial 
respiration. If it be taken that the main aim of artificial respi- 
ration is to succor a failing circulation by reoxygenating the 
blood in the lungs, then all that we have ascertained about re- 
storing the circulation may be carried over directly to the 
process of artificial respiration. (We shall assume for the mo- 
ment that man resembles the dog in his reactions to resuscita- 
tion.) Thus, insufflation will surely fail as a resuscitating 
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maneuver if the systolic blood pressure has declined below 50 
mm. Hg because the circulation fails at this point. No matter 
how long the insufflation is administered, it never restores life 
if circulatory failure has taken place before the start of the 
attempted resuscitation. These data also suggest that whatever 
is accomplished by insufflation is done in a very short time. Be- 
cause the insufflation consistently fails at 50 mm. Hg, the 
circulation has failed at this point. But because 20 seconds be- 
fore this pressure is reached, the systolic pressure being 100 
mm., the insufflation succeeds, the objective of the maneuver— 
probably reoxygenation of the myocardium—must be accom- 
plished during a few seconds after the systolic blood pressure 
has fallen below 100 mm. Hg. The objective, thus, is completed 
in very short order. Further evidence in support of this hypoth- 
esis will be given later. It challenges the dictum that artifi- 
cial respiration has to be administered for long periods before it 
succeeds in effecting resuscitation. In the types of anoxia 
studied, the dictum appears incorrect. 

In all of the resuscitations, restoration of the circulation was 
invariably followed by return of breathing. Conversely, the 
dogs never breathed, no matter how long the insufflation was 
continued, unless the circulation has been previously restored. 
The reason is obvious: to restore the breathing, oxygenated 
blood must first be returned_to the centers controlling respira- 
tion. 

In one-third of the dogs in acute anoxia, the dogs were still 
breathing when the periodic insufflation was started, but even 
so, the attempted resuscitation failed. In all of these dogs, the 
blood pressure had fallen below the point of success. The in- 
terpretation is self-evident: even though the dogs were still 
breathing, the circulation had fallen so low that inspired O, 
could not be carried from the alveoli to the failing point in the 
circulatory system. The same interpretation may be applied 
to the 5 dogs which were still breathing during CO-poisoning 
and to the 8 dogs still breathing in obstructive asphyxia: though 
still breathing, the blood pressure had fallen so low that re- 
oxygenation was impossible. 

It is generally assumed that the respiration fails before the 
circulation. Drinker, for example, says: “. . . most funda- 
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mental for the matter of possible survival is the fact that almost 
always breathing ceases before the heart beat is gone. This 
fact, true for death from~so many causes, is particularly true 
for carbon monoxide asphyxia, and is the essential reason for 
the success of efficient artificial respiration” (27). Drinker 
estimates that usually the breathing fails, at a maximum, 11 
minutes before circulatory failure (5). Our data show that 
this is not true for dogs. Except for the fulminating anoxia of 
breathing pure N,, in which the respiration fails about 11% 
minutes before the circulation, the breathing stops in dogs 
at roughly the same time as circulatory failure: sometimes 
about a minute before, sometimes concurrently with, and some- 
times definitely afterwards. In one-third of the cases, it stops, 
in fact, after the circulation has failed. This has been demon- 
strated to hold true for acute anoxia, CO-poisoning, and ob- 
structive asphyxia. From our studies of other types of over- 
whelming fatal anoxia, it almost certainly holds true for pro- 
gressive anoxia and fresh water drowning (8, 11). Whether 
this phenomenon of circulatory failure preceding respiratory 
failure occurs in man is not, to our best knowledge, known. 
But if it does, attempting to resuscitate by artificial respiration 
alone is futile; in this condition, if the attempted resuscitation 
is to succeed, measures must be taken to restore the circulation 
as well as the respiration. 

The anoxic experience caused an irreversible cerebral insult 
well after circulatory failure in three of the four types of death 
investigated. In fulminating anoxia, it took place some 3 min- 
utes after circulatory failure, in acute anoxia, about 1 minute 
afterwards, and in obstructive asphyxia 3 minutes afterwards. 
The abruptness of this change is remarkable; within a single 
minute the dogs progress from a point at which complete re- 
covery is possible to a point of such overwhelming insult that 
death soon results. 

These data entirely confirm previous studies of the effects of 
cerebral anemia of the brain’s functions. Weinberger, Gibbon 
and Gibbon (24) abolished cerebral circulation in cats by tem- 
porary occlusion of the pulmonary artery for 3 minutes. Com- 
plete recovery ensued. But if the anemia was prolonged for 
6 to 7 minutes, such an overwhelming insult was done that the 
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cats soon died. Kabat, Dennis and Baker (25) arrested cerebral 
circulation in dogs by means of inflating a cuff placed around 
dogs’ necks. Complete recovery occurred after 6 minutes of 
arrest of cerebral circulation, but overwhelming damage took 
place after 8 minutes of arrest. In our experiments with fulmi- 
nating anoxia, we have found the recovery point to be 514 
minutes and the damage point to be 64 minutes. Although 
there are differences between the times reported in these two 
studies and our own, the differences appear minor and can 
readily be ascribed to differences in technic. In both cats and 
dogs, an overwhelming cerebral insult takes place, it is entirely 
clear after some 7 minutes of total anoxia. Because this is uni- 
form for both species, it can, in our opinion, also be applied to 
man. Certainly, the figure for cerebral damage is not 10 or 15 
minutes, as was often given by older writers. This was based pri- 
marily on older technics of experimentation in which the in- 
duced cerebral anemia was not complete (16). 

These experiments demonstrate clearly that in the process of 
death, it is always the brain which is first irreversibly damaged 
by the anoxia. In three of the four types of anoxia studied, al- 
though both circulation and breathing ceased before cerebral 
damage was done, they were both readily restorable by appro- 
priate measures. Moreover, both were restorable at a time 
after the irreparable cerebral insult had already been done. 
From the point of view of irreversibility, then, the brain is the 
“weakest link.” It is well recognized of course that the tissue 
which is most susceptible to anoxia is the brain. It not only 
ceases to function earliest in anoxia, but anoxia also damages 
it first during the process of death. And this irreversible dam- 
age only takes a few minutes. By contrast, the heart is irrever- 
sibly damaged only by hours of anoxia, for Kountz (28) has 
shown that appropriate measures can restore contractility as 
long as 6 hours after cardiac arrest. 

In fulminating anoxia the onset of cerebral insult depends, 
it is evident, upon the total time that the animal is anoxic. 
But in the other three types of anoxic death studied, it is, with- 
in limits, independent of the elapsed time: in acute anoxia, it 
may occur at 7 minutes after exposure (Table 6) and yet some 
dogs experienced this anoxia for 16-18 minutes without cere- 
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bral damage (Table 4). In CO-poisoning, the cerebral insult 
took place in some dogs at 10 minutes and yet others experi- 
enced no damage after 18 minutes of exposure (Table 7). In 
obstructive asphyxia, the damage took place at 7 minutes in 
some dogs, whereas in other dogs no damage was done by 9 
minutes of asphyxia. The event to which the cerebral damage 
is most closely related is the time of circulatory failure. When 
this is taken into account, the onset of cerebral failure may be 
sharply predicted: it occurs at 1 minute after circulatory failure 
in acute anoxia and 3 minutes after circulatory failure in ob- 
structive asphyxia; it occurs before circulatory failure in CO- 
poisoning. 

In our previous studies (7, 8, 10) it was pointed out that 
circulatory failure takes place some 2-5 minutes after the ar- 
terial O,-saturation falls below 13 per cent. It is apparent there- 
fore that the cerebral insult, occurring 1-3 minutes after cir- 
culatory failure, takes place at roughly 5 minutes after the 
O.-saturation falls below 13 percent. The causes for different 
rates of O, desaturation in dogs have been discussed (7, 9). In 
acute anoxia, for example, the short-lived dogs squander the 
available metabolites in tachycardia and violent convulsions 
(7); probably the same sort of effect occurs in obstructive 
asphyxia. Having done this, some dogs come much sooner to 
a point where circulatory failure and then cerebral insult take 
place. It is this behavior that accounts for the great variability 
in the time of onset of cerebral failure in all the anoxias studied, 
the fulminating type excepted. 

CO-poisoning resembles acute anoxia and obstructive as- 
phyxia with respect to the order of failure of the breathing and 
the circulation, the two occurring more or less simultaneously. 
But in CO-poisoning it is clear that the “weakest link” is neither 
the breathing nor the circulation, but that rather the cerebrum 
usually fails before either of them. As Table 7 shows, of 29 
dogs which were “resuscitated,” although both the breathing 
and the circulation were restored by the resuscitating maneu- 
ver, 22 dogs were so damaged by the experience that they died 
a few days later. This phenomenon and its accompanying path- 
ological changes in the cerebrum are well known in dogs (21, 
30); the animals are anoxic for so long that an irreversible 
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cerebral insult is done by the anoxia. This happened, as Table 
7 shows, to many dogs even though the resuscitation was started 
when their circulation was still excellent—blood pressures of 
about 150/40—and their breathing full and strong. 

Schwerma, Ivy, Friedman, and La Brosse (23) noted a tend- 
ency for dogs surviving CO-poisoning for a long time to show 
cerebral symptoms more frequently. This we confirm: of 12 
dogs which were resuscitated after 16 or less minutes of expo- 
sure, 5 experienced no cerebral insult (Table 7). But of 13 
dogs which were resuscitated after 20 or more minutes of ex- 
posure, 12 experienced neurologic damage. The incidence of 
brain insult is much greater in the latter group. And yet, even 
after short exposures, a neurologic insult so great as to be in- 
compatible with life is common, for it happened in about half 
of the short exposures. 

The reason for this situation, in which the circulation and 
breathing usually continue after an irreversible cerebral insult 
has already been done by the anoxia, is probably as follows: in 
CO-poisoning, the circulation and breathing of dogs continue 
for some 8 minutes beyond the point at which the O, saturation 
falls below 13 per cent (9). But in other types of anoxia 
(breathing N, or 2.43 per cent O, or progressive anoxia or ob- 
structive asphyxia), dogs die 2-5 minutes after their O, satura- 
tion falls below 14 per cent (7, 8, 10, 12). This fact is thought 
to be at the heart of the matter: during the peculiar type of 
anoxia caused by CO-poisoning, in which the arterial O,-ten- 
sion is normal (9), the breathing and the circulation are well 
maintained far beyond the time when they fail in other types 
of anoxia. They continue, it is apparent, long enough so that 
an anoxic cerebral insult occurs. But in fulminating or acute 
anoxia or obstructive asphyxia, as shown above, both the breath- 
ing and the circulation fail before any permanent cerebral 
insult is done. 

The fact that an irreversible cerebral insult is often done 
in dogs in CO-poisoning before circulatory or respiratory failure 
rases the question: does this take place during the process of 
death in man? We feel certain that it frequently does. In the 
case of CO-poisoning in man, an overwhelming cerebral insult 
is common, as the volume of literature on the topic shows (see 
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16, 27, 30, 31); in numerous cases, the victim was breathing 
when rescued but died a few days later (27, 32, 33). It is ap- 
parent therefore that, in man during CO-poisoning, an irrever- 
sible cerebral insult is often done before the respiration and 
circulation fail. This is not to say that this sequence always oc- 
curs, but it remains a strong probability, both because of the 
data we have collected on dogs and also because man’s cere- 
brum is known to be even more susceptible to anoxia than is 
the dog’s. 

Similarly, in cases of suicidal hanging, the victim having 
been resuscitated, histopathological changes in the brain have 
often been reported (reviewed in 16). Many of these cases 
experienced such damage that they survived only a few days. 
Now, if it be taken as correct that, in order to resuscitate, man, 
like the dog, must have an effective circulation, then all of these 
resuscitated cases experienced cerebral insult before the circu- 
lation had failed. The same reasoning may be applied to the 
overwhelming cerebral insults caused by pneumonia (34), 
barbiturate poisoning (35), morphine intoxication (35), etc. 
Even in the cerebral insults occurring during nitrous oxide 
anethesia, the cerebral damage may occur, although this is 
not usual, before respiratory failure. Courville (36) has de- 
scribed four such cases. 

In summary, there is. much evidence to show that irreversible 
cerebral insults have been done to men by anoxia before circu- 
latory failure, and even before respiratory failure. We do not 
know how often it may happen. But from our data on dogs 
and from the available information on man, it appears probable 
that in many types of accidental death and especially in CO-poi- 
soning, the cerebral insult frequently precedes circulatory and 
respiratory failure. Now if this irreversible cerebral change oc- 
curs some time before respiratory and circulatory failure, then 
the presence of apnea or circulatory failure in CO-poisoning, 
etc. is an exceedingly dangerous sign. Though the breathing 
and the circulation both may be restored by resuscitating meas- 
ures, the effort may, in the end, be fruitless, because irreversible 
cerebral damage will already have been done, and death will 
occur a few days later from the decerebration caused by the 
anoxia. 
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The situation in CO-poisoning demands a redefinition of our 
concept of resuscitation. The term “resuscitation,” in our opin- 
ion, implies that the animal is returned to complete normality. 
In order, therefore, to “resuscitate” from CO-poisoning, it will 
be necessary to start the resuscitating procedure before the 
cerebrum has been irreversibly damaged by the anoxia. That 
may obviously be at a time when both the breathing and the 
circulation are still functioning well. Paradoxically, accepting 
the definition above, a dog (or a man) may badly need “resus- 
citation” when it (or he) is still breathing well. To avoid this 
semantic paradox, we suggest that the word “resuscitation” 
be reserved to mean restoration of complete normality, while 
the word “‘vegetalization” be used to mean restoration of breath- 
ing and circulation but not of the cerebrum. Thus, most of our 
CO-poisoned dogs were transiently “vegetalized,” but they were 
not “resuscitated.” 

All of these data force reconsideration of the fundamental 
meaning of resuscitation. In fulminating anoxia, resuscitation is 
primarily a matter of preventing circulatory failure. In acute 
anoxia and obstructive asphyxia, in two-thirds of the cases, it 
is also a matter of preventing circulatory failure. But in the 
remaining cases, because circulation will have failed before the 
breathing, the victim will be dead before the rescuer becomes 
aware that resuscitation is needed. Resuscitation here will be 
a matter, not of preventing circulatory failure, but of restoring 
circulatory function. Finally, in CO-poisoning, resuscitation is 
apparently often a matter of preventing cerebral failure. Al- 
though a failing respiration or a failing systolic pressure is 
a good sign of the immediate imminence of death in CO-poison- 
ing, it is not a sign that the process of death may be still com- 
pletely reversed, because the brain may already have been ir- 
reversibly damaged. 

Recapitulating, these experiments have shown that the first 
physiological process to fail—the “weakest link” —differs in the 
different types of anoxia: in the one the breathing, in others 
either the breathing or the circulation, and in another, the cere- 
brum. The aim of resuscitating procedures, therefore, differs 
with each type of anoxia. In the one, the aim is to prevent cir- 
culatory failure by filling the lungs with O,; in others, the aim 
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may be to restore circulatory function, e.g., by cardiac massage; 
and in another, the aim is to prevent cerebral damage, which 
occurs at a time before the breathing and circulation fail. 


SUMMARY AND CONCLUSIONS 


1. The sequence of circulatory, respiratory, and cerebral 
failure was determined during the process of death in dogs. Cir- 
culatory failure is herein defined as the point during the ter- 
minal collapse in blood pressure at which periodic insufflation 
of the lungs with oxygen just fails to restore the circulation. 
Respiratory failure is defined as the point at which apnea su- 
pervenes. Cerebral failure is defined as the point at which an 
irreversible cerebral insult is done by the anoxic experience. 
Four types of death were investigated: the fulminating anoxia 
of breathing pure nitrogen, the acute anoxia of breathing 2.43 
per cent O, in N.,, carbon monoxide poisoning (one per cent 
CO), and obstructive asphyxia. The induced anoxia served as 
the general anesthetic in all experiments. 

2. In fulminating anoxia, O, insufflation uniformly suc- 
ceeded in restoring the circulation when the systolic blood pres- 
sure was 105 mm. Hg or greater, but uniformly failed when it 
declined to 75 mm. or less, with 15 seconds, on the average, 
elapsing between the two points. Regardless of the time at 
which the two points appeared, the first point showed when 
circulatory failure was imminent and the second when it had 
just occurred. 

3. In fulminating anoxia, the breathing always fails before 
the circulation, 84 seconds, on the average, elapsing between 
respiratory and circulatory failure. Respiratory failure could 
not be clearly related to circulatory failure, regardless of what 
component of the breathing pattern during the process of death 
was examined. The cerebrum failed at 614 minutes after the 
onset of fulminating anoxia, the damage being so overwhelm- 
ing at this time that no dog lived more than 2 days in spite 
of careful nursing and artificial feeding. But after 514 minutes 
of exposure, apparently complete recovery of the dogs took 
place. All dogs in the latter two groups were resuscitated by 
O, insufflation and extrathoracic cardiac massage, because both 
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apnea and circulatory failure had occurred before the over- 
whelming cerebral insult took place. 

4. In acute anoxia, all dogs were resuscitated with periodic 
O, insufflation, regardless of the duration of the anoxia, when 
the systolic blood pressure was 90 mm. Hg or greater. But 
when it declined to 55 mm. Hg, the attempt to resuscitate uni- 
formly failed. On the average, 16 seconds elapsed between the 
two points. The breathing failed sometimes before, sometimes 
simultaneously with, and sometimes after circulatory failure, 
the latter phenomenon occurring in one-third of the cases. No 
cerebral insult was done if the dogs were resuscitated when 
just on the threshold of circulatory failure; but an overwhelm- 
ing cerebral insult, causing death in a few days, was done when 
the dogs were resuscitated 1 minute after circulatory failure. 
This was independent of the duration of the acute anoxia; it 
was related only to the time of circulatory failure. 

5. In CO-poisoning, all dogs were resuscitated with O, in- 
sufflation when the systolic blood pressure was 100 mm. Hg 
or greater, but none was resuscitated if the pressure was allowed 
to fall to 40 mm. On the average, 32 seconds elapsed between 
the two points. As in acute anoxia, breathing sometimes failed 
before, sometimes concurrently with, and sometimes definitely 
after circulatory failure, the latter occurring in one-third of the 
cases. But three-quarters of the dogs died at from .1 to 14 
days after the experience, exhibiting typical signs of anoxic 
decerebration. It is apparent that an overwhelming cerebral 
insult is usually done in CO anoxia before circulatory and re- 
spiratory failure. In many dogs, it was done at a time when 
the breathing and blood pressure were still very strong. 

6. In obstructive asphyxia, all dogs were resuscitated with 
O, insufflation when the systolic blood pressure was 105 mm. 
Hg or greater, but none was resuscitated if the pressure had fal- 
len to 45 mm. or less. On the average, 28 seconds elapsed be- 
tween the two points. Again, breathing movements ceased 
sometimes before, sometimes at the same time as, and some- 
times definitely after circulatory failure, the latter phenomenon 
appearing in one-third of the tests. An overwhelming cerebral 
insult was done by the anoxic experience at 3 minutes, but 
not at 2 minutes, after the onset of circulatory failure. 











Sequence of Failures During the Process of Death 217 


7. In none of the four types of death does the pattern of the 
terminal breathing furnish an exact prediction of circulatory 
failure. Furthermore, no component of the blood pressure ex- 
cept the systolic gives a sharp prediction of the imminence or 
fact of circulatory failure; neither the diastolic nor the pulse 
nor the average pressure may be used to define circulatory 
failure with accuracy. 

8. In round figures, circulatory failure is imminent in all 
four types of anoxia studied when the systolic blood pressure de- 
clines to 100 mm. Hg, and it has actually occurred when the 
systolic pressure declines to 50 mm. Some 20 seconds elapse 
between the two points. The minimum effective circulation 
that just permits resuscitation with O, is shown to be the one 
concomitant to a systolic blood pressure of 100, thus suggest- 
ing that artificial respiration is futile if the systolic pressure 
has declined below this point. The data indicate that in fulmi- 
nating and acute anoxia and in obstructive asphyxia the funda- 
mental aim of artificial respiration is to reverse by reoxygena- 
tion the process of circulatory failure. The critical circulatory 
change, uniform for all four types of death, is suggested to be 
anoxic failure of the myocardium. 

9. It is evident that in dogs the respiration often stops after 
circulatory failure and not uniformly before, as commonly be- 
lieved. Only in fulminating anoxia does apnea consistently pre- 
cede circulatory failure. 


10. An irreversible cerebral insult, caused by the anoxia, 
takes place in fulminating and acute anoxia and in obstructive 
asphyxia definitely after circulatory and respiratory failure. 
But in CO-poisoning, it usually precedes circulatory and re- 
spiratory failure. Evidence to support the proposition that this 
often occurs in man is given, with the conclusion that men may 
need “resuscitation” when the breathing and blood pressure are 
still good. 

11. Because the “weakest link” during the process of death 
differs with each type of anoxia, being now the breathing, now 
the circulation, and now the cerebrum, it is apparent that the 
aim of resuscitation also must differ in the several types of 
anoxic death. 
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THE SURGEON’S RELIGION* 
R. J. WHITE 


Since the personal essay has become quite outmoded since 
the days of Charles Lamb, William Hazlitt, and Robert Louis 
Stevenson, my situation is precarious. Now, for the first time 
in its thirty-five years, the Texas Surgical Society has decreed 
that its president shall deliver an address. There were no 
instructions as to form or content. A scientific discussion was 
unwanted. A personal, perhaps philosophical account of a 
surgeon’s religion seemed to be desired. 

Let us consider what impels us to choose our calling, what 
spurs us on to excel in it, what makes us proud of it and 
happy to spend our lives as its votaries and how we develop 
the personal and professional qualities that make us most use- 
ful in it. The diversity of individual experiences is infinite 
but there must be a common core of basic thoughts and im- 
pulses. How many of this group remember their first ideas 
on choosing the surgeon’s life? 

I well recall when I was a fifteen-year-old boy in a little 
west Texas town—one Sunday afternoon a Mexican mur- 
dered a Mexican woman. A ranger who had just returned 
from a deer hunt hot him through the upper left arm as the 
murderer raised his rifle to shoot at him. The soft-nosed rifle 
bullet almost tore his arm off. I was one of a crowd of boys who 
followed him to the jail. Only two doctors were available 
that afternoon. I heard one say that they needed some help 
badly. With more gall than sense I asked him if he would let 
me help him, and he said he would. On the kitchen table in 
a jail, with a very awkward but intensely interested young 
assistant, he amputated an arm. I even remember how he 
teased me about not taking off a ring when I started to scrub. 
From that day I had no other thought about how I wanted 
to spend my life. The man who gave me this inspiration has 
been a highly respected and useful practitioner to this day 





*Presidential address of the Texas Surgical Society, October 2, 1950, at 
Waco, Texas. 

















The Surgeon’s Religion 221 


and is here as my guest tonight. I would like to pay personal 
tribute to Dr. J. S. Anderson of Brady. 

This early conviction and fixed purpose was fortunate as 
far as my own peace of mind was concerned and though I 
have had, like all of you, many disappointments and regrets, 
not a day or an hour has been a time of doubt or misgiving 
about the way of life I had chosen. This has been an incalcu- 
lable privilege for which I am grateful. 

When from our viewpoint a boy is fortunate and intelligent 
enough to wish to be a surgeon and finds when he is started 
in his hospital training that he is not too awkward to master 
the basic mechanical skills required and begins to think about 
his future development and to observe the men he works with 
who are mature and consciously and subconsciously make an 
appraisal of their abilities and skills and weigh their attitudes 
and characters, he, begins to deliberately attempt, first to be 
an individual in his own right, in a new and wonderful world 
and to try to imitate and cultivate within himself the qualities 
of the surgeons he considers great. 

In his early months, as second or third assistant, he closely 
watches every move of his preceptors; how they handle knives, 
scissors, and hemostats and decorates the head of the simple 
iron bedstead in his monastically severe internes’ quarters with 
thousands of knots in catgut left-overs wheedled from the 
operating room supervisor who has seen such eagerness before 
and is glad to keep the flame alive. Then he begins to have 
some insight into what is being done and why. At this stage 
he is apt to be severely critical until he begins to acquire a 
little understanding. He is certain that most problems are 
simple and ought to be quickly and correctly solved and some 
of the errors he sees seem to him senseless and needless until 
he progresses to a little more responsibility. By the time he is 
resident, he has learned that sometimes the solution is not so 
clear-cut when it is up to him to work it out. Before long, 
he begins to believe that a fellow ex-resident with Dr. McNealy 
of Hannibal, Missouri, Mark Twain, was right when he said 
about his father that the old man seemed a lot smarter to him 
when he was twenty-five than when he was eighteen. 
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If he is fortunately adept and naturally gifted by the time 
he is well along in his residency he has mastered and put into 
his subconscious the mechanics of surgery which, though rela- 
tively simple, are never really acquired by some men. Until 
he has done this and does not have to think consciously about 
these matters, he is in the position of the bewildered centipede 
about which Foster Kennedy quoted a poem to this Society 
many years ago in San Antonio: 


The centipede was happy quite 

Until a toad in fun said 

“Pray, which foot comes after which? 
Which worked her mind to such a pitch, 
She lay distracted in the ditch, 
Considering how to run. 


If he is to grow into a master surgeon he must not only 
begin the accumulation of a great store of scientific knowledge, 
early learn and assiduously cultivate gentleness and care in 
handling tissues, and, most of all, to learn to see the salient 
points in a patient’s history and physical findings, correctly 
size up a situation, create a concept of what must be done 
and get at doing it with the greatest directness and simplicity 
possible. Stone walls do not a prison make nor fancy instru- 
ments and gadgets a surgeon. One of the greatest surgeons 
I ever worked with once when a suture nurse asked him what 
he wanted, said, “A knife and a piece of string.” I have seen 
Dr. McNealy work on several occasions, and one of his former 
residents who is a guest here tonight told me he could do a 
thyroidectomy, for example, with less fuss and forceps by 
two-thirds than most men. This is possible only because of a 
long and exacting study of anatomy, getting in trouble a few 
times and learning the hard way how to stay out of it, proper 
recognition of structures and tissue planes and appreciation 
of the fantastic distortion of normal relations that numerous 
pathologic states can bring about. 

The poet Wordsworth once wrote about a literal-minded 
person: 

The primrose by the river’s brim 
A simple primrose was to him 
And it was nothing more. 
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The possession of imagination is a rare asset in diagnosis and 
a young man who has been given it by nature and has not 
had it crushed and discouraged by his traditional rigid exact 
scientific training is fortunate indeed. He will in his salad 
days when he is green in judgment doubtless put forth some 
ideas that may provoke well-deserved caustic comment from 
his elders but youth is the flowering time of ideas and opinions 
and he should cherish and nourish his imagination as far as 
he is able all through life though he will gradually learn that 
while honest opinions are usually worthy of respect they must 
not be confused with facts. 

During his eager, busy, and happy resident days he deals 
with ward patients, has all he can do, grows in grace and 
stature, and, within limits, is like Alexander Selkirk, “monarch 
of all he surveys.” Then suddenly it is at an end. Thomas 
Paine, when he wrote the line, “These are the times that try 
men’s souls,” might well have been thinking of the young 
man just out of training and beginning practice. 

In the exasperating tedium of idleness the thought “To 
rust unburnished not to shine in use” recurs. Here is truly 
the formative period of his professional life. “One ship sails 
East and another West though the selfsame breezes blow.” 
Here is the rare chance to begin the habit of wide and vora- 
cious Journal reading which, once established, will probably 
never be given up. Here is the opportunity to begin the habit 
of writing, utilizing some of the material from his recent 
resident days or a good case report from his early practice. 

The young man, conscious of ability and hungry for surgical 
work will early be offered operations of doubtful legitimacy 
and may be tempted by seeing a few commercial surgeons 
in action who, if he knows his Lewis Carroll, will remind him 
of the little crocodile. 

How doth the little crocodile, 
Improve his shining tail 

And pour the waters of the Nile 
On every golden scale. 


How cheerfully he seems to grin, 
How neatly spreads his claws, 
And welcomes little fishes in 
With gently smiling jaws. 
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He will be besought by psychicly distraught females with 
pains in their abdomens and ovaries whose husbands and 
former doctors don’t understand them and will undoubtedly 
make a few first scars or add one more to a collection of 
several before he realizes, if I may paraphrase holy writ 
without irreverence, that the fear of the neurotic’s abdomen 
is the beginning of surgical wisdom. 

Some such experiences every young man must have for him- 
self but if he is right thinking he will profit by them and 
gradually realize that, people being what they are, he will have 
to spend a good deal of his time talking them out of operations 
which for one reason or another they think they want or need 
but which he knows in his heart cannot benefit them. 

He should soon bceome aware of the stigmata of the patient 
who wants to be operated on and is “out of bounds” surgically. 
This attitude does not at first promote a rapid building of a 
surgical practice but it builds very surely a good name with 
patients and fellow doctors, a good conscience in our young 
man and ultimately, if his ability and energy justify it, a high 
professional standing. 

The surgeon works with perishable material. Michael An- 
gelo’s David, the Parthenon, and Leonardo’s Mona Lisa have 
endured and been admired for centuries. The most brilliant 
surgical triumph like the scriptural grass is cut down and 
withered by the passage of a little time but personal satisfac- 
tion can endure only for a lifetime and it is hard to imagine 
anything more soul-satisfying than saving the first baby for 
two fond young parents by a simple Rammstedt operation, 
or in the middle of the night seeing the laboring man father 
of a large family with a strangulated hernia vomiting feces 
and recalling the lines of Sir Thomas Brown in “A letter to a 
friend.” ‘In the king’s forest the trees that are to be cut 
down the woodsman first marks with a broad arrow,” recog- 
nizing broad arrow on the poor man’s forehead, rescuing him 
and returning him to his family in a few days. Though what 
we do for people is soon gone, a few surgeons, if they are 
fortunate and gifted, may contribute basic original ideas and 
techniques that make them justly honored by their contempo- 
raries and successors but most of us can only aspire to,useful 
active workaday lives. 
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That all of us will have many failures and make many mis- 
takes is self-evident. I think I have had more mental anguish 
over errors in judgment than anything else. I vividly recall 
nearly twenty-five years ago a poor, gentle trusting negro 
woman with a huge pelvic abscess that in a moment of mental 
aberration I opened above and realized at once she would die 
of peritonitis, which she promptly did, and that I could have 
saved her by a simple colpotomy. 

We can all recall such examples of tragic errors but we 
should be our own severest critics and if we ever sense that 
we are becoming complacent about our daily efforts, unless 
we take ourselves in hand, we are surely on the down grade. 
If it were not that, after a proper period in sackcloth and 
ashes, nature had given us the power to forget, we would 
hardly be able to carry on. It is our solemn obligation to 
see that our mistakes are of the head and not of the heart and 
to try to steadily sharpen our thinking powers and season our 
judgment. 

A wise old doctor in my younger days when I was impelled 
to do some desperate operation which probably could lead to 
little good for the patient, used to say, “Son, let them do their 
own dying.” It was sound advice then and still is to a degree, 
but, of course, all of us well know we can undertake many 
things now with comparative safety that were forbidding risks 
fifteen years ago. I think no surgeon should lack the courage 
to do anything desperate that he believes in his heart offers 
a reasonable hope of salvaging a patient from intolerable 
suffering or perhaps restoring him to a happy and useful state. 

We will all become more and more confronted with the 
consideration of extremely radical so-called Brunschwig types 
of effort to control or cure malignant neoplasms. First a sur- 
geon should ask himself whether he is competent to under- 
take such a procedure and then after a frank talk with the 
patient try to decide whether they can hope to be even toler- 
ably content with their mutilated state. Such operations as 
pelvic evisceration with ureteral transplants and a wet colos- 
tomy for advanced carcinoma of the cervix, the resection of a 
massive stomach or colon lesion with a liver full of tumor or 
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a hemipelvectomy for a melanoma of the sole of the foot are 
examples of what I mean. 

These decisions are hard and two men of equal ability and 
sincerity may feel differently about them. I think we should 
tell the patient what we think and why and if the patient 
wishes it and we believe it should be done we should go 
ahead fearlessly. Here, as in every situation in life, there 
is no substitute for integrity and if we quibble or cut corners 
with ourselves in our own thinking we are not the men we 
ought to be. 

The demands on the modern surgeon who aspires to be 
' conversant with the whole field of surgical knowledge are 
overwhelming and if he yields himself to the will-o’-the-wisp 
of pursuing this end to the total exclusion of other interests 
like the poor German scholar pedant who devoted a lifetime 
to the study of the use and construction of one word and on 
his deathbed voiced the regret that he had not confined him- 
self to the dative case, some of the qualities and graces that 
make a personality interesting and stimulating and which add 
charm and zest to living are bound to atrophy. 

Mr. James Parton, a biographer of one of our greatest 
Americans, Thomas Jefferson, said that Mr. Jefferson at 
thirty-two, only months before he wrote the Declaration of 
Independence, could calculate an eclipse, survey an estate, tie 
an artery, plan an edifice, try a cause, break a horse, dance 
a minuet, and play a violin. Mr. Churchill, whom I regard 
as the greatest man of our time, has been a journalist, polo 
player, soldier, naval administrator, scholar, historian, painter, 
dauntless prime minister, and the most stirring orator I ever 
listened to. 

Certainly none of us can become a Thomas Jefferson or 
a Winston Churchill. But if, in addition to a steady and com- 
pelling interest in the progress of knowledge in the fields of 
our daily efforts, we remember that such great qualities as we 
may hope to develop in ourselves are more likely to bud and 
flourish if we seek out and maintain a wide interest in general 
knowledge and the people and events about us and become, 
if we can, in the words of the mighty Ulysses “part of all that 
I have met,” we will have much fuller lives and be better able 
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to give our patients that “something else’ beyond skilled and 
competent professional service that lifts up people in distress 
when they are in dire need of support. My old professor, 
William Lyon Phelps, once said, “The happiest man is the 
man who has the most interesting thoughts.” 

Every child has the amazing quality of wonder. If in 
maturity we can maintain a daily wonder at the collateral 
circulation of the stomach, that a fine catgut strand tears 
easily through a muscle that can lift hundreds of pounds, 
at the earth history apparent in the exposed rocks with even 
an amateur knowledge of geology, of the way of a serpent on 
a rock, the way of a man with a maid or at the red giants 
Antares and Betelgeuse in the constellations of the Scorpion 
and Orion, we have within ourselves a wellspring of interest 
and pleasure. 

Certainly, I have no thought of assuming a “stuffed shirt” 
attitude and lecturing you on what you should be. I will 
never attain, nor will you, all the qualities of character we 
may severally think desirable but as a man thinketh in his 
heart, so is he. There is a natural reticence, quite normal I 
think, in discussing our personal feelings about our innermost 
thoughts and ideals. Mr. Kipling, speaking of quite a different 
set of circumstances, said, “These be things a man would 
hide as a general rule from an innocent bride.” But this is 
a very special occasion, the first of its kind this Society has 
ever had, and I feel it can do us no harm to pause and consider 
a little the fundamental principles we ought to live by, cer- 
tainly without ostentatiously flaunting them elsewhere, per- 
haps rarely mentioning them publicly again even in a gather- 
ing of like-minded men such as this. 

The surgeon is a man apart. He deals with precious though 
perishable material. His responsibility at times is crushing. He 
is confronted with many unexpected problems that tax his 
wisdom to the uttermost, and he can only hope to solve some 
of them correctly by accumulating a deep store of knowledge 
from experience and reading. All too frequently he knows at 
a glance that he is helpless. Too often he must make a 
decision that is without recourse. His simplest laparotomy 
carries the hidden threat of a fatal embolus. Some of his 
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tragedies, particularly if he feels they are of his own making, 
leave him desolate. But if he has the courage he ought to 
have to be worthy of our calling when he meets disaster, he 
will recall the words of Johnny Armstrong in the old Scotch 
ballad talking to his company of soldiers, “Fight on, my lads, 
I’m wounded but not slain, I'll lay me down and bleed awhile 
and then I'll rise and fight again.” He should not be morbid 
or self-centered about his possible troubles. 

After all, living is a very dangerous business and very few 
of us get out of it alive. No man worth his salt is too much 
concerned about himself. He should be cheerful and resource- 
ful and in the rare words of the late Colonel John W. Thoma- 
son, speaking of the fighting preacher from Brenham, Praxiteles 
Swan, of Civil War fame, “Humble before God and brash in 
all other relations.” 

If a surgeon is first a doctor and offers his people in trouble 
the support, encouragement, and solace a good doctor should 
give, if he tries to live so that he may hope that the lines, 
“Integer vitae scelerisque purus” may fit him, if he is diligent 
and persistent in his efforts to improve himself and the first to 
realize his limitations and errors, if he never fails to face up 
to the responsibility that is and should be his, if he is eager 
to help the younger men about him and pass on whatever 
sound ideas he may have, if he is tolerant and understanding 
of his brother surgeons’ shortcomings as he hopes they are of 
his, if he has a fierce and instinctive personal and professional 
integrity, and is humbly grateful in his own way to his 
Creator for whatever talents for usefulness may have been 
given him, I think he may hope to come to the end of the road 
serene, proud, and happy to have spent his life as a surgeon. 
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ITEMs OF PossiIBLE INTEREST TO OUR FRIENDS 
DIsPLEASANT JANUARY, 1951 


StrivinGs: G Brinton discourses on Ideas & Men (Prentice-Hall, NY, 
50, 450pp, $6). WS Churchill’s Hinge of Fate (Vol 4 of Memoirs) rings 
clear (Houghton Miffiin, Boston 50, 1000pp, $6). W Cuppy laughs over 
The Decline & Fall of Practically Everybody (Holt, NY 50, 230pp. $3). 
W Donahue & C Tibbitts edit Planning the Older Years (Univ Michigan 
Press, Ann Arbor, 50, 220pp, $2.5). W Durant eulogizes The Age of Faith 
(Simon & Shuster, NY, 50, 1216pp, $7.5).. R Lynes collects Snobs (Harper, 
NY, 50, 54pp, $1). R Payne analyses Mao Tse-Tung: Ruler of Red China 
Schuman, NY, 50, 303pp, $3.5). BR Redman debates Great Book Pro- 
gram (RM Hutchins’ baby) with RH Wittcoff (Sat Rev Lit, Dec 9/50, p6). 
WE Pratt & D Good offer World Geography of Petroleum (Princeton 
Press, 51, 450pp, $7.5). UNESCO issues Handbook on the International 
Exchange of Publications (Unesco House, Paris, 51, $1.5). I Wallach 
tells How to Be Deliriously Happy (Schuman. NY, 50, 160pp. $2.5). 
Tough Paterson NJ medico WC William says Make Light of It (Col- 
lected Stories), (Random House. NY, 50. 342pp. $3.5). & offers The 
Collected Later Poems (New Directions. Norfolk, Conn.. 50, 240pp. $3). 
No Credit Dept: F Andina & O Alleman discuss operative gut sterilization 
(Schw Med Wchnschr 80/1201/Nov 11/50) without acknowledging FJ 
Poth’s careful studies (Texas Rep Biol Med 4/68/46). G Ruhenstroth- 
Bauer offers exidence for specific erythropoietic hormone (Arch Exp Path 
Pharmakol 211/32/50) without crediting CD Leake & FJ Bacon’s ideas 
(J Pharmacol 23/353/24). 

CurnicaL: HT Ballantine & Co detect intracranial pathology by ultra- 
sound (Science 112/525/Nov 3/50). AN Contopoulos & HH Anderson 
show leucemic white blood cells are high in —SH (J Lab Clin Med 
36/929/50). EC Dodds surveys protein structure in relation to clinical 
problems (Brit Med J 2/1237/Dec 2/50). MG Good shows how myalgia 
of abdominal muscles may stimulate symptoms of appendicitis, chole 
cystitis & colitis (Acta Med Scan 138/348/50). TE Keys & LA Julin 
describe development of medical movies (Surg Gyn Obs 91/625/50). JH 
Lawrence reviews clinical use of radioactive isotopes (Bull NY Acad Med 
26/639/50). B Ordman suggests pregnancy toxemia is manifestation of 


adaptation syndrome involving ion & water balance & may be controlled 


by cortisone (S Afr Med J 24/938/Nov 11/50). Note excellent British 


25/50). 


report on American Symposium on burns (Lancet 2/635/Nov 
Symposium on lung malignancies is offered by our GS McReynolds, } 
Brindley. HC Slocum, CR Allen, AW Harrison & RH Rigdon (Texas 
State J] Med 46/872, 885/50). M Vogt discusses regulation of cortical 
hormone secretion in relation to insulin injections (Brit Med J 2/1242/ 
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Dec 2/50). RJ Williams & Co indicate alcoholics have certain specific 
metabolic features as high blood magnesium, low phosphorus, & increased 
taste sensitivity for NaCl (Arch Biochem 29/27/50). 

LasoratoricaL: E Adams & A White show fasting causes involution of 
lymphoid malignancy independently of pituitary-adrenocortical control 
(Proc Soc Exp Biol Med 75/590/50). JR Elliott & CW Turner observe 
spreading factor in mammary gland extracts (Ibid p384). EH Frieden 
& FL Hisaw continue purification of relaxin & find it in tissue extracts 
(Arch Biochem 29/166/50). I Horii & Co show monocyts for connective 
tissue in preglandular lymph, some getting thru plands into blood (Acta 
Scho Med Univ Kioto 28/7/50). P Karrer & E Jucker’s Carotenoids is 
translated by EA Brande (Elsevr Publ, NY, 50, 384pp, $8.5). J Nyboer 
develops electrical impedence plethysmography (Circul 2/811/50). H Per- 
sky & Co show barbiturate blockage of pyruvic oxidase enzyme system 
in cells (J Pharmacol 100/273/50) supporting JH Quastel’s theory of 
narcosis (Physiol Rev 19/135/39). JP Saunder & WA Himwich show 
heavy metal containing trans-sulfurase converts cyanide to thiocyanate in 
linear function of time (Am J. Physiol 163/404/50). J Shimura & Co 
suggest antibody formation from globulin from plasma cells which increase 
in presence of antigen (Jap J Exp Med 20/443/50). Surveon-General of 
Air Force offers German Aviation Medicine, World War II (Govt Printing 
Office. Washington DC, 50, 2 vols, 1302pp, $8.5). N Thyresson finds 
thallium inhibits aerobic respiration (Acta Dermatol Ven 30/417/50). 
S Tokuoka suggests positive serum spermine test using copper carbonate 
indicates cancer if pregnancy is excluded (Acta Scho Med Univ Kioto 
28/214/50). A Treibs discusses: colors, absorption spectra, & iron states 
of hemoglobin derivatives (Hoppe-Seyler’s Ztschr Physiolo Chem 286/8 
/50). KY Yu notes histological cornification in ariboflavinosis (Chinese 
Med J 68/197/50). AV Wolf offers The Urinary Function of the Kidney 
(Grune & Stratton, NY, 50, 363pp, $7.5). PC Zamecink reviews use of 
labelled aminoacids in protein metabolism in healthy & cancerous tissues 


(Canc Res 10/659/50). 


ConFruseD FEBRUARY 


Tue GeneraL Mess: D Anderson offers The Other Side of the Bottle 
(AA Wyn. NY, 50, 258pp, $3). KJ Arrow relates Social Choice & Indi- 
vidual Values (J Wiley, NY, 50, 99pp, $2.5). H Asbury describes The 
Great Illusion: An Informal History of Prohibition (Doubleday, NY, 50. 
344pp. $4). Quietly inspiring is T Coulson’s Joseph Henry: His Life & 
Work (Princeton Univ Press, 51, 352pp, $5). B DeVoto stirs a hornet’s 
nest with his Letter to a Family Doctor (Harper’s, 202/56/51). HJ Fuller 
chuckles over programs of schools of education in The Emperor’s New 
Clothes: Prius Dementat (Sci Month 72/32/51). W Gellhorn sharp-eyes 
Security. Loyalty & Science (Cornell Univ Press, Ithaca, NY, 50, 300pp, 
$3). HD Lasswell scrutinizes National Security & Individual Freedom 
(McGraw-Hill. NY. 50, 259pp, $3.5). W. Manchester calms Disturber of 
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the Peace: The Life of H. L. Mencken (Harper, NY, 50, 336pp, $3.75). 
C McWilliams deplores Witch-Hunt: The Revival of Heresy (Little Brown, 
Boston, 50, 361pp, $3.5). A Mizener psychiatrizes Scott Fitzgerald in 
The Far Side of Paradise (Houghton Miffiin, Boston, 51, 362pp, $4). More 
unconventional writing appears in New Directions 12 (New Directions, 
NY, 51, 600pp, $5). E Rabinowitch edits symposium on civil defense 
against atomic attack (Bull Atom Sci 6/226-278/50). N Rashevsky’s 
Mathematical Biology of Social Behavior includes analysis of satisfaction 
function (Univ Chicago Press, 51, 256pp, $5). F Rintelen eulogizes 
H Helmholtz (1821-94) on centennial of description of ophthalmoscope 
(Schw Med Wchnschr 81/16 Jan 6/51). JW Rogers describes The Lusty 
Texans of Dallas (Dutton, NY, 51, 384pp, $4.5). EW Sinnott ably con- 
siders Cell & Psyche (Univ No Carolina Press, Chapel Hill, 51, 121pp, 
$2). JG & JJ Varner translate & edit The Florida of the Inca, America’s 
ist great historical classic (Univ Texas Press, Austin, 51, 700pp, $7.5). 
EH Vincent medicanalyses VV Ulyanov (1870-1924), known as N Lenin 
(Surg Gyn Obs 92/118/5i1). G Wendt discusses Atomic Energy & the 
Hydrogen Bomb (Medill McBride, NY, 51, 192pp, $2.15; WL Laurence 
makes it ominous in The Hell Bomb, Knopf, NY, 51, 198pp, $2.75). 
GENERAL Mepicat: HH Anderson & EL Hansen renew chemotherapy 
of amebiasis (Pharmacol Rev 2/399/50). NE Artz & EM Osman review 
Biochemistry of Glucuronic Acid (Academic Press, NY, 50, 103pp, $3). 
Asso Res Nervous & Mental Diseases issues symposium on Life Stress & 
Bodily Disease (Wms & Wilkins, Balt, 50, 1135pp, $15). KH Beyer reviews 
Pharmacological Basis: of Penicillin Therapy (CC Thomas, Springfield, 
Ill., 50, 224pp, $4). Our TG Blocker revives exposure method of treating 
burns, reducing dressings (Surg 29/154/51). O Bodansky relives half- 
century of biochemistry (New Eng J Med 244/55/Jan 11/51). FHC 
Crick applies magnetic particle technique to analysis of physical properties 
of cytoplasm (Exp. Cell Res 1/505/50). JC Fasciolo discusses renin control 
of kidney (Acta Physiol Latino Amer 1/7/50. JF Fulton gives 1st Logan 
Clendening Lectures on History & Philosophy of Medicine (Univ Kansas 
Press, Lawrence, 51, 52pp, $1). R Gorlin & Co analyse circulatory dynam- 
ics in mitral stenosis (Am Heart J 41/30/51). JS Gray discusses Pulmonary 
Ventilation & Its Physiological Regulation (CC Thomas. Springfield. II], 
51, 82pp, $2). DM Greenberg edits Amino Acids & Proteins (CC Thomas, 
Springfield, Ill, 51, 950pp, $12). A Hamori & Co doubt same origin for 
gastric & doudenal ulcer (Acta Med Acad Sci Hungar 1/120/50). EA 
Kahn suggest simple seating test for peripheral nerve lesions (Surg Gyn 
Obs 92/22/51). M Naumberg describes Schizophrenic Art: Its Meaning 
in Psychotherapy (Grune & Stratton, NY, 50, 247pp. $10). G Riva & 
R Probst analyse death from bronchial asthma (Schw Med Wcehnshr 
80/1325/Dec 16/50). J M Robson & CA Keele note Recent Advances in 
Pharmacology (Blakiston, Phia, 50, 418pp. $5.5). B Schick translates his 
& CF von Pirquet’s Serum Sickness (Wms & Wilkins, Balt, 51, 141pp, 
$3.5). M Stefanini analyses prothrombin conversion factors & accelerators 
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(Blood 6/84/51). Symposium on congenital heart disease (J Mt Sinai Hosp 
17/2692343/51). Symposium on Pituitaty-Adrenal Function (AAAS Wash- 
ington, DC, 51, 220pp, $4). M Weinberg discusses mechanism in neurosis 
(Am Sci 39/74/51). RJ Williams & Co offer Biochemistry of B Vitamins 
(Reinhold, NY, 50, 741pp, $10). 








